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ABSTRACT

Ronald, Kelly L. Ph.D., Purdue University, December 2016. The Role of Individual
Variation in Auditory and Visual Processing: Implications for Mate-Choice. Major
Professors: Jeffrey R. Lucas and Esteban Fernandez-Juricic.

Intersexual interactions often include a dynamic exchange of courtship signals in
different sensory modalities. Our work focuses on understanding the factors that
contribute to variation in male sexual signals and variation in female sensory perception
and behavioral responses to these signals. We addressed several specific research
questions using the brown headed cowbird (Molothrus ater) as a model species: (1) How
does male signaling behavior differ with the sex of the receiver? (2) How do components
within a signal combine to generate a response by the female? (3) How is female sensory
capacity in one modality related to her sensory capacity in a secondary modality? (4)
Does female multimodal sensory biology help us to understand which properties of male
mating signals she prefers?
We used a cross-correlation analysis of males’ song-types and found that pairs of
songs were more dissimilar if they were directed to receivers of opposite sex compared to
songs directed to receivers of the same sex. These data support the Motivational
Structural Rules hypothesis because males sang songs with significantly higher entropy
to males than to females. In addition to singing, many songbirds couple their songs with a
visual display. We tested how preference functions (i.e., the function describing female
preference across variation in male traits) and subsequent selection on male traits can be
altered under four scenarios of varying multimodal signal content. To do this, we

xii
assessed female preferences to different levels of male song attractiveness and visual
display intensity in an audiovisual playback study. This study was the first to show a
switch in the direction of female preferences for a signal component (i.e., visual display)
in one modality depending on the attractiveness of the other modality (i.e., song). We
then measured female auditory sensory capacity (via auditory evoked potentials) and
visual sensory capacity (via visual evoked potentials and cone photoreceptor density
counts) to determine if (1) females were sensory generalists and showed correlated
sensory capabilities across auditory and visual modalities (i.e., a positive relationship) or
(2) females were sensory specialists that showed a trade-off in their sensory capabilities
(i.e., a negative relationship). Our data generally show that birds seem to be either (1)
sensory generalists in that they are superior at processing both modalities simultaneously,
or (2) the sensory capacities are related in unexpected, non-linear way. Finally, we
assessed how female mating preferences may be affected by the female multimodal
sensory biology. From this study, we have the first evidence suggesting that female
sensory capacity (i.e., auditory temporal resolution and visual temporal resolution)
affected her mate-preferences. Females with relatively better auditory temporal resolution
preferred songs that ended with higher frequency, lower entropy, and shorter notes while
females with relatively poorer auditory temporal resolution preferred the opposite.
Similarly, females with relatively better visual temporal resolution preferred visual
displays that were less intense than those preferred by females with relatively poorer
visual temporal resolution.

xiii
Taken together, our findings suggest that females vary in their sensory capacities
across multiple modalities and that this can affect their preferences for male mating
signals; male signals, therefore, may be designed to not necessarily reach a single female
model but rather a population of females that will differ in how they will process and
respond to male signals.
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CHAPTER 1. TAKING THE SENSORY APPROACH: HOW
INDIVIDUAL DIFFERENCES IN SENSORY PERCEPTION CAN
INFLUENCE MATE CHOICE1

1.1 Introduction
The study of multimodal signals in mate choice has shed light on the complexity
of intersexual selection (Candolin 2003; Partan and Marler 2005). Multimodal research
often focuses on signal content (Hebets 2011), classifying the role of different sensory
modes based on whether they convey the same (redundant signalling) or complementary
(nonredundant signalling) information about the sender (Møller and Pomiankowski 1993;
Partan and Marler 1999, 2005).
This content-based approach, however, does not consider how multimodal signals
are processed by different individuals or how they may be adaptive in different
environments. While recent work considers multimodal processing across different
ecological contexts (Munoz and Blumstein 2012) or different receivers (Hebets and Papaj
2005; Miller and Bee 2012), the impact of individual variation in sensory processing on
multimodal signal evolution is relatively less studied (Dangles et al. 2009). By
overlooking individual variation in multimodal processing, we have implicitly assumed
that variation in signal perception has no effect on signal evolution (Bateson and Healy
2005). Unfortunately, this assumption is unlikely to hold in many circumstances, and thus
our understanding of mate choice may need to be reevaluated.
True communication involves a sender and receiver (Bradbury and Vehrencamp
2011). Therefore, understanding receiver signal processing is vital to evaluating courtship

1
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interactions (Akre et al. 2011; Miller and Bee 2012). Nevertheless, many past
communication models assume receiver signal detection is accurate and equivalent across
individuals (e.g., Johnstone 1994). However, the complexity of sensory physiology and
environmental variability may cause significant individual differences in central and
peripheral signal processing (Phillmore et al. 2003; Dangles et al. 2009; Toomey and
McGraw 2009; Henry and Lucas 2010; Perrachione et al. 2011). Moreover, as
information encoded in different sensory modalities can interact (e.g., one modality is
dominant or the modalities combine to produce a new, emergent response; Partan and
Marler 2005), changes in aspects of the signal encoded in one modality cannot only
influence the sensory processing in that modality but also in the interpretation of the
combined signal. For instance, the McGurk effect demonstrates that altering the visual
component of a phoneme processed using both acoustic and visual cues can generate the
perception of a phoneme encoded by neither the visual nor the acoustic part of the signal
(McGurk and Macdonald 1976). This review will show that differences in a receiver’s
ability to process multimodal signals (Guilford and Dawkins 1991; Rowe 1999; Widemo
and Sæther 1999) may influence receiver and sender fitness if these differences lead to
variation in mate selection. Individual variation and plasticity in mate choice could alter
the rate and direction of signal evolution (Wagner 1998; Bateson and Healy 2005).
We demonstrate a critical link between individual variation in sensory physiology
and individual variation in mate choice. Our goals are to (1) discuss recent research on
individual variation in mate choice and highlight the lack of sensory-based hypotheses
explaining this variation, (2) review the sensory biology literature to establish a link
between individual variation in sensory processing and variation in development and
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current condition, (3) propose novel predictions as to how variability in the sensory
system would affect preference functions and choosiness in a multimodal signalling
context, and (4) discuss the theoretical implications of individual variation in the sensory
system on inter- and intrasexual selection, particularly considering sensory bias, honest
signalling and assortative mating. To accomplish these goals, we focused on multimodal
signal use where males are signallers and females are receivers, although we
acknowledge there are exceptions to this pattern. Moreover, while our focus is mainly on
auditory and visual processing, we believe our discussion is applicable to all sensory
modalities.

4
1.2 Individual Variation in Mate Choice
Many scientists are beginning to recognize the relevant role of individual
variation (Dangles et al. 2009; Biro and Stamps 2010; Violle et al. 2012), including those
studying mate choice. Indeed, the number of Web of Science articles containing
“individual variation” and “mate choice” in their titles, abstracts or keywords nearly
tripled over the last decade, from 25 in 2001 to 74 in 2011.
Female mate choice can be affected by external factors such as the physical and
social signalling environment (Herb et al. 2003; Matos et al. 2003; Gordon and Uetz
2011; Clark et al. 2012) and previous experience (Tudor and Morris 2009; Rutledge et al.
2010; Bailey 2011; Wong et al. 2011). Female mate choice can also be affected by
internal factors, such as genetics (Tregenza and Wedell 2000; Chenoweth and Blows
2006; Horth 2007) and female condition (Cotton et al. 2006a). Additionally, mate choice
can be further complicated if these internal and external factors interact with one another
(Moskalik and Uetz 2011; Wilgers and Hebets 2012b) or if females are plastic in their
decisions. Regardless, we still know relatively little about the physiological mechanisms
behind these sources of variation.
Individual variation studies typically evaluate two parameters that influence mate
choice: (1) preference functions and (2) choosiness (Jennions and Petrie 1997). A
preference function is a ranked order of prospective mates with respect to traits relevant
to the mate choice decision (Wagner 1998). For example, a female’s preference function
can be generated by plotting a measure of female preference (e.g., number of female
copulatory solicitation displays) in relation to the males evaluated (Figure 1.1).
Preference functions are often described in terms of preference strength: the slope of the
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preference function (Robinson et al. 2011). Females that choose mates randomly have
low preference strength; females that consistently rank males have high preference
strengths. Choosiness is the effort an individual invests in mate assessment in terms of
the number of mates sampled and time spent per mate (Jennions and Petrie 1997;
Castellano and Cermelli 2011). Choosiness is influenced by the assessment cost (Fawcett
and Johnstone 2003; Härdling and Kokko 2005) and the receiver’s motivation (Dukas
2004). Choosiness can be represented by plotting a measure of female choosiness (e.g.,
time spent per male) in relation to the males evaluated (Figure 1.1).
Preference functions and choosiness may be associated in different ways. They
may be positively related when females with greater preference strength also spend more
time evaluating mates. Preference functions and choosiness may be negatively related
when females spend less time with each male because they evaluate males quickly. This
could occur if the female has high resolution in a sensory modality that allows her to
assess males quickly. However, mate choice studies typically do not link variation in the
relationship between preference functions and choosiness to individual variation in
perception. Nevertheless, as evidence continues to show that individuals vary in sensory
processing, there will be a need for studies to show how this variation can contribute to
mate choice variation (Archer et al. 1987; McNamara and Houston 2009).
Sensory physiology variation could result in receivers differing in their capacity
to process and integrate multimodal signals. The perceptual variability hypothesis
(Hebets and Papaj 2005) proposes that multimodal signals may have evolved to target
receivers that differ in their sensory processing (i.e., signallers should be selected for their
ability to reach multiple receivers). The only study to test this hypothesis found that

6
female sagebrush lizards, Sceloporus graciosus, are more attentive to male motion-based
displays than males are (Martins et al. 2005) because females are faster than males at
visually detecting motion (Nava et al. 2009). Thus, differential signal detection may be
driven by sexual variability in the capacity to detect different display properties (Nava et
al. 2009). Multiple studies now illustrate sex differences in sensory processing (Doty and
Cameron 2009; Gall and Lucas 2010; Muchlinski et al. 2011); thus, variation between
sexes may be common. Variation within sexes has also been documented. Henry et al.
(2011) showed that within-sex variation in frequency specificity is correlated with
variation in temporal resolution of auditory signals.
An individual’s sensory processing and eventual mate choice could be related to
its developmental history or current condition. For example, developmental stress could
lead to long-term differences in visual or acoustic perception, consequently altering that
individual’s lifetime preference functions and choosiness. In contrast, current condition
(e.g., differences in nutritional availability, hormone profiles and age) is likely to affect
sensory processing and mating decisions on a scale finer than variation in developmental
factors (Lailvaux and Kasumovic 2011).
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1.3 Individual Sensory Variation Due to Ontogeny
Selective pressures on sensory systems are likely to be greatest during early life
history (Dangles et al. 2009). For instance, resource availability can constrain the
developing sensory system, providing a mechanism by which individual variation in
sensory processing can arise. Several studies demonstrate that manipulation of the
developmental environment and stress can affect later sensory capabilities (Nowicki et al.
2002; Holveck and Riebel 2010). However, no studies link variation in multimodal
sensory capabilities due to development and differences in mate choice (but see Grant
and Grant 1997; see below for discussion on unimodal sensory capabilities).
Nevertheless, stress can alter the amount or timing of sensory stimulation in one
modality, which could have significant consequences for other modalities
(Verzijden and Rosenthal 2011).
Animals can compensate for deficits in certain modalities by redirecting energy to
alternative sensory modes (compensatory plasticity hypotheses; Rauschecker and
Kniepert 1994; Lessard et al. 1998). For example, females with auditory deficits could
compensate by investing more in visual system development. Thus, individuals engaged
in mate choice decisions may emphasize the signal modalities that developed more fully
in their ontogeny. Here, we discuss how differences in the development of sensory
processing may lead to differences in mate choice.

1.3.1 Ontogeny of acoustic signals and perception
Two approaches have been used to study the link between development and
auditory function in mate choice. The first approach involves manipulating available
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acoustic information during ontogeny and then measuring adult sensory functioning.
Studies using this approach show that sensory stimulation provided by kin can influence
the perceptual functioning and hemispheric processing of acoustic information during
prenatal and postnatal periods (Lickliter 2005; Harshaw and Lickliter 2011; Phan and
Vicario 2012). For example, black-capped chickadees, Poecile atricapillus, reared in
isolation could not perceive relative pitch of song (Njegovan and Weisman 1997).
Similarly, female zebra finches, Taeniopygia guttata (Sturdy et al. 2001) and field
crickets, Teleogryllus oceanicus (Bailey and Zuk 2009) reared apart from adult males
failed to discriminate between male songs.
The second approach links developmental stress to variation in female preference
functions and choosiness for auditory signals. Stress in ontogeny (e.g., deficit in
nutrition) can constrain developing sensory systems, resulting in a malfunctioning of
sensory learning (developmental stress hypothesis; Nowicki et al. 2002; Buchanan et al.
2003). For example, female black field crickets, Teleogryllus commodus, reared on a
high-protein diet had stronger preferences for male call rate than did females reared on a
low-protein diet (Hunt et al. 2005).
Developmental stress can also be altered by manipulating brood size, as large
brood size is correlated with reductions in mass and immune response (Riebel 2009).
Riebel (2009) showed that zebra finches from small broods had stronger preferences for
song than did those from larger broods.
Manipulation of stress during development can also change the direction of
female mate preferences. Holveck and Riebel (2010) found that zebra finches reared in
small and large broods preferred the songs of males reared in small and large broods,
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respectively, despite all females showing similar choosiness. Interestingly, a follow-up
study showed rearing background did not affect male zebra finch preferences. This
suggests that the sexes differ in their susceptibility to rearing conditions and subsequently
display different preference functions (Holveck et al. 2011). Additionally, stressed
females can also express less choosiness than nonstressed females. Zebra finch females
reared under nutritional stress made fewer sampling visits to stimulus males (Woodgate
et al. 2010), but no differences in preferences were found between the treatment and
control group (also see Woodgate et al. 2011).
While these studies demonstrate that stress during development can cause
differences in female mate choice, they make conclusions on the role of auditory
processing without explicitly testing the receiver’s sensory functioning. We need explicit
experimental evaluations of the connection between development, sensory functioning
and mate choice. Assessing female sensory capabilities is a prerequisite for advancing
our understanding of mate choice (Jennions and Petrie 1997).

1.3.2 Ontogeny of visual signals and perception
Just as acoustic stimuli during ontogeny can shape auditory functioning, visual
stimuli are important for the development of functional visual systems. Individuals can
experience different developmental lighting conditions, and such differences could lead
to variation in visual processing and subsequent variation in mate choice. Fuller and Noa
(2010) found that preference strength in the bluefin killifish, Lucania goodei, is an
interaction between an individual’s genetics and the lighting conditions it experiences
during development and during mate choice. Moreover, exposure to visual stimuli (i.e.,
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novel male phenotypes) during development influenced adult female mating preferences
in the wolf spider Schizocosa rovneri (Rutledge et al. 2010). Hart et al. (2006) found that
lighting conditions during development can explain variation in carotenoid concentration
in the cone oil droplets of domestic chickens, Gallus gallus domesticus. In general,
carotenoid pigments filter incoming light before it reaches the visual pigment (Goldsmith
1984), effectively enhancing color discrimination and color constancy in variable lighting
environments (Vorobyev et al. 1998). As each oil droplet type is associated with a
specific photoreceptor type, the combination of oil droplets and visual pigments play a
unique role in the perception of color (Goldsmith and Butler 2005).
Recent evidence suggests that there could be substantial individual differences in
color perception resulting from individual differences in the sensitivity of the oil droplets
of these organisms (Hart et al. 2006; Knott et al. 2012). Visual chromatic contrast models
have been used to predict how changes in the sensitivity of the visual system (i.e., peak
sensitivity of visual pigments, absorbance of oil droplets, relative densities of
photoreceptors) can affect color perception (Vorobyev and Osorio 1998; Endler and
Mielke 2005), typically at the species level (Lind and Kelber 2009). In general, chromatic
contrast is a measure of an animal’s ability to perceive an object against a visual
background under particular ambient light conditions (Endler 1990). Higher chromatic
contrast values indicate that the signal is more visually salient for the visual system
of the receiver.
We determined whether the degree of individual variation in the visual system
could lead to individual variation in the perception of chromatic signals using chromatic
contrast models and published information on the sensitivity of the domestic chicken’s

11
visual system (see details in Appendix A). Specifically, we modelled (following
Vorobyev and Osorio 1998) how changes in the absorbance properties of oil droplets and
in the retinal density of cone photoreceptors can lead to individual differences in the
perception of chromatic signals in relation to the visual background (Figure 1.2). The
percentage variation in color perception from changes in visual physiology varied from
1.3% for a signal peaking at 550 nm to 29.3% for a signal peaking at 700 nm. Such
individual differences are predicted to have a profound effect on color discrimination.
We found a greater level of variation in the processing of longer wavelength
signals (500 – 650 nm). Many organisms have visual signals in this wavelength range
(Griffith et al. 2006), thus individual variation in the perception of these wavelengths
may provide a mechanism for variation in receiver behavior. These modelling results
show that between-individual variation in wavelength sensitivity and photoreceptor
density in the retina can result in differences in color perception, which may in turn
influence female mate choice.
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1.4 Individual Sensory Variation Due to
Conditional Differences
Recent studies have started to address how changes in condition affect mature,
rather than developing, sensory systems (e.g., Lynch and Wilczynski 2008; Knott et al.
2010; Yoder and Vicario 2012). Changes in sensory processing could generate conditiondependent receiver preferences (Bro-Jørgensen 2010). For example, female Ipswich
sparrows, Passerculus sandwichensis princeps (Reid and Weatherhead 1990) and lark
buntings, Calamospiza melanocorys (Chaine and Lyon 2008) show yearly variation in the
signals they use to distinguish among males. Reid and Weatherhead (1990) found that
females choose mates based on the trait showing the greatest variability between males in
a given year. One possibility is that the trait females assess as the most variable could be
dependent on their sensory system. For instance, a female with low visual resolution may
discriminate between males using auditory signals. This prediction provides a mechanism
by which different females could use different modalities to choose a mate. A validation
of this prediction would support the perceptual variability hypothesis.
Variation among females can in part derive from short-term changes in condition.
A number of factors can directly or indirectly alter a receiver’s condition, but many past
studies have neglected to demonstrate how these factors may combine or interact to affect
overall fitness (Wilson and Nussey 2010), or how they are influenced by different
environments or selective contexts (Lailvaux and Kasumovic 2011). Nevertheless,
understanding how single variables such as resource availability, hormone profile or
age alters a receiver’s condition and influences variation in sensory capability will
provide the basis for more complex studies where multiple variables over a
particular context are examined.
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1.4.1 Resource availability and sensory variation
The availability of high-quality food sources can have a profound effect on a
female’s current body condition and mate choice (Lerch et al. 2011; Pruitt et al. 2011)
perhaps by precipitating disparities in sensory processing. For example, dietary
carotenoid levels can alter oil droplet pigmentation (Bowmaker et al. 1993; Knott et al.
2010) as animals cannot inherently synthesize carotenoids (Goodwin 1984). Carotenoid
supplementation in two bird species increased the carotenoid concentration of the P-type
oil droplet (Knott et al. 2010), which is thought to be associated with motion detection
(Campenhausen and Kirschfield 1998; Vorobyev et al. 1998). Additionally, house
finches, Carpodacus mexicanus, given a low carotenoid diet had lower retinal carotenoid
levels (Toomey and McGraw 2010) and showed decreased choosiness during mate
choice (Toomey and McGraw 2012).
Mate choice differences resulting from individual variation in other visual
properties have also been described. For instance, individual preference strength in the
stalk-eyed fly, Diasemopsis meigenii, is positively correlated with female eyespan, a trait
dependent on diet quality that is linked to higher visual acuity (Cotton et al. 2006b).
Large-eyespan females rejected only small-eyespan males whereas small-eyespan
females rejected males randomly. Cotton et al. (2006b) reasoned that the number of
ommatida increases with female eyespan; thus, large-eyespan females may have higher
visual resolution that allows for greater discrimination between males.
Quality matching in mating pairs is an example of assortative mating. Female
midwife toads, Alytes mulentensis (Lea et al. 2000), cricket frogs, Acris crepitans (Ryan
et al. 1992) and African painted reed frogs, Hyperolius marmoratus (Jennions et al. 1995)
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have size-dependent preferences that result in larger, more fecund females preferring
larger, more fecund males. In anurans, body size is negatively correlated with the
dominant frequency of a frog’s advertisement call and the best excitatory frequency of
the basilar papilla (Ryan 1980). Thus, large females may prefer large males that produce
the lower-frequency songs that stimulate their basilar papilla the most.
These studies provide a fundamental link between diet and condition, condition
and sensory system variability, and, in some cases, individual variability in sensory
processing and mate preferences. This evidence suggests that high-quality females often
show the strongest mate preference (Hedrick and Kortet 2012). We suggest that this is
partly due to their enhanced ability to discriminate between males.

1.4.2 Hormones and sensory variation
Fluctuations in hormone levels play a large role in reproductive behavior and may
mediate mate choice by increasing sexual responsiveness as oviposition/ovulation
approaches (Trivers 1972). Some of these changes result from hormones modifying how
females process signals (Lynch and Wilczynski 2008; Yoder and Vicario 2012).
Hormones regulate auditory processing in a variety of taxa including fish
(Sisneros 2009; Ramsey et al. 2011; Rohmann and Bass 2011; Maruska et al. 2012), birds
(Vyas et al. 2009; Caras et al. 2010; Maney & Raphael 2011) and mammals (Miranda
and Liu 2009; Al-Mana et al. 2010). Steroid receptors in these organisms’ inner ears
provide a direct pathway for these hormones to act on the auditory system (Maruska and
Fernald 2010). Research in anurans demonstrates a specific link between preferences for
auditory signals and hormone changes (i.e., Lynch and Wilczynski 2008; Arch and Peter
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2009; Chakraborty and Burmeister 2009). Female túngara frogs, Engystomops
pustulosus, with higher estrogen levels showed less choosiness and increased the range of
mate calls they were willing to accept; moreover, increased choosiness was not due to
decreased discrimination of male calls (Lynch et al. 2006). Likewise, recently mated
green tree frogs, Hyla cinerea, show reduced behavioral responsiveness to male calls; this
may be because these females show reduced neural responses in the auditory midbrain
compared to gravid females (Miranda and Wilzynski 2009).
In comparison to the auditory-based research, the role of hormone-mediated
changes in the visual system has been less studied. Experiments using the optimotor
response in female sticklebacks (Rick et al. 2011) and túngara frogs (Cummings et al.
2008) show that reproductive females have increased behavioral sensitivity to male visual
displays. Interestingly, steroid receptors are present in fish and other vertebrate eyes
(Wickham et al. 2000), thus fluctuations in hormone levels may mediate fluctuations in
visual processing.
Variation in sensory biology mediated by changes in hormones may exacerbate or
moderate decision making. For example, androgens often influence aggressive behavior
(Wingfield et al. 1990) and can also influence sensory perception (Hultcrantz et al. 2006),
thereby affecting signal processing during an aggressive bout. Given that many aspects of
condition affect mate choice and sensory biology, there is great potential for conditionmediated sensory changes to interact with condition-mediated behavioral decisions.
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1.4.3 Age and sensory variation
Several studies show that sensory perception is influenced by age. In fish
(Pankhurst and Eagar 1996), cephalopods (Groeger et al. 2005), birds (Brittan-Powell and
Dooling 2004) and mammals (Hall 2007), optimal auditory and visual sensory
functioning improves after early development. In comparison, sensory functioning
typically declines after the peak reproductive age (Fitzgerald 2001). Old age is linked to
visual decline and loss of photoreceptors in quail (Lee et al. 1997), pigeons (Porciatti et
al. 1991) and humans (Panda-Jonas et al. 1995), among other species (Zhang et al. 2008).
Additionally, decreased neuronal responsiveness to auditory stimuli has been noted in
model species such as chickens (Smittkamp and Durham 2004) and gerbils (Boettcher et
al. 1993). The ability of rats to process auditory amplitude modulation also decays with
age (Parthasarathy and Bartlett 2011).
The sensory-related decline in advanced age may lead a female to rearrange her
preference functions or have decreased choosiness (Kodric-Brown and Nicoletto 2001).
This prediction is supported by life-history models showing that a decrease in choosiness
can mirror the decline in reproductive value with age (Stearns 1992). As predicted,
studies of the cockroach Nauphoeta cincerea (Moore and Moore 2001) and the house
cricket Acheta domestica (Gray 1999) found reduced choosiness with reduced fertility.
Female guppies, Poecilia reticulata, become less selective with age; this could result
from decreased choosiness or a decreased ability to discriminate between males (KodricBrown and Nicoletto 2001). Studying the sensory functioning of these fish would help us
to understand which of the two alternatives is correct.

17
Kodric-Brown and Nicoletto (2001) hypothesized that if older females are less
responsive to male morphological traits, then males may engage in more vigorous
displays to attract older females. Interestingly, male guppies increase their courtship
displays towards older (Houde 1997), and perhaps more fecund, females (Hendry et al.
2001). This finding corroborates a study of satin bowerbirds, Ptilonorhynchus violaceus,
which showed that males perform more intense behavioral displays towards older
females (Patricelli 2002). Although these two signals are visually based, the fact that
males switch to a signal most relevant for a given individual suggests there may be
individual differences in sensory processing.
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1.5 Individual Variation in Additional Sensory
Processing Modalities
There is an emerging appreciation for the use of a broad range of sensory
modalities involved in processing mating signals, including mechanoreception
(Kekäläinen et al. 2011; Gleason et al. 2012), electroreception (Moller 2002; Wong and
Hopkins 2007), vibration reception (Wilgers and Hebets 2012a) and chemoreception
(Johansson and Jones 2007). However, while there is much evidence of sender-dependent
signalling in these modalities (i.e., Johansson and Jones 2007; Allee et al. 2009; Schlupp
et al. 2010; Kekäläinen et al. 2011; Gallant et al. 2011; Gibson and Uetz 2012), relatively
few data exist addressing individual variation in receiver-dependent reception. One
exception is individual variation in chemical reception in model organisms (i.e., humans
and mice; Dematte et al. 2011; Lundström et al. 2012). Chemical perception is altered by
developmental (Bigiani et al. 2002; Bertin et al. 2012) and conditional factors such as age
(Doty et al. 1984; Murphy et al. 2002) and hormone profile (De Groof et al. 2010;
Maruska and Fernald 2010; Kasurak et al. 2012). Additionally, female hunger state has
also been shown to influence receptivity to chemical signals of well-fed males in female
rock lizards, Iberolacerta cyreni (Mártin and López 2008) and swordtail fishes, Xiphorus
birchmanni (Fisher and Rosenthal 2006). Given the importance of olfactory signals in
multimodal signalling during mate choice across taxa (Brennan and Kendrick 2006;
Whittaker et al. 2010; Chouinard 2012), individual variation in chemical reception may
affect female mate choice in ways similar to acoustic and visual processing. Moreover,
we expect the same to be true for other modalities as further research illustrates the
developmental and conditional dependence of processing in these sensory modes.
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1.6 Implications for Sexual Selection
Developmental and conditional factors have the potential to alter sensory system
processing drastically, possibly impacting the preference functions and choosiness of an
individual. Individual variation in mate choice is common (Jennions and Petrie 1997);
however, we have yet to determine the role of variation in multimodal sensory processing
on subsequent mate choice. Several techniques, such as neural networks theory, provide a
tractable way to simulate the evolution of sensory systems (Phelps 2007; Gurney 2010),
but empirical data are necessary to draw definite connections between individual
variation in development/condition, variation in multimodal sensory system functioning
and subsequent variation in mate choice. Identifying hypotheses that can link individual
variation in sensory processing and mate choice can enhance our understanding of
preference functions, choosiness and several sexual selection hypotheses.

1.6.1 Preference functions and choosiness
Although the idea that individual sensory variation can lead to differences in mate
choice has been proposed (Widemo and Sæther 1999; Dangles et al. 2009), hypotheses
have typically been framed at the population level and have not included individual
variation in multiple sensory modalities. Here, we propose novel predictions from
existing hypotheses about the effects of individual variation in the sensory system on
preference functions and choosiness in a multimodal context. We take into consideration
(1) the degree of signal variation, (2) the degree of sensory variation in each of the
receiver’s processing modalities, (3) whether variation in processing is caused by

20
development or condition and (4) how these components combine to affect the preference
functions and choosiness of an individual (Table 1.1).
Following the working definition of condition by Wilson and Nussey (2010), we
consider females to be in “good condition” or “high quality” when a multiple regression
analysis of conditional traits creates an axis of variation among individuals that is
positively related to overall fitness. We also expect female condition to be correlated with
female sensory processing; for instance, females in good condition may have a greater
ability to resolve different signals (i.e., visual or auditory resolution), which could affect
the amount of time they assess mates as well as their ability to tell different signals apart.
Finally, we are making our predictions in a sexual selection context and thus our
definition of “good condition” may not extend to scenarios outside of mate choice (e.g.,
survivorship; Lailvaux and Kausmovic 2011). This broad definition of quality will allow
our preference functions and choosiness predictions to have wider applicability to
researchers who can determine the most appropriate conditional traits to measure for their
particular system.
Additionally, although there are important examples of nonredundant multimodal
signal use in mate choice (e.g., Rowe 1999; Hebets and Papaj 2005), our predictions are
based on the assumption that the combination of two equal and redundant sensory
components (A and B) leads to an enhanced behavioral response (e.g., “enhancement”;
Partan and Marler 2005). Redundant signals may serve as “backup” to one another in
situations where there is a sender deficiency in encoding information, environmental
variability or receiver assessment errors (Hebets and Papaj 2005). Following this
assumption allows us to predict how development and condition may affect one or both
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sensory modalities without making further, unsupported assumptions as to whether
developmental or conditional factors play a larger role in determining sensory processing
or whether the composite signal illustrates dominance, independence, emergence or
modulation of the multimodal components (Partan and Marler 2005). Moreover, the
literature suggests redundant multimodal signals may be more common than
nonredundant multimodal signals (Partan and Marler 2005; MacDougall-Shackleton et al.
2009; Alonso et al. 2010; Elias et al. 2010; Wilgers and Hebets 2011); therefore, our
predictions should be applicable across many multimodal mate choice contexts. Our
framework rests on the idea that selection should favor sensory receptors that maximize
the received signal relative to the background noise and minimize signal degradation
(Endler 1992a). Thus, we assume that high sensory resolution (the ability to resolve two
signals in a particular modality) will increase the quality of information the receiver gets,
which will ultimately affect preference functions and choosiness (Castellano et al. 2012).
Generally, we consider females with greater sensory resolution to be able to resolve fine
differences between males and thus have steeper preference functions. Additionally, we
also expect females with high sensory resolution to show greater choosiness because they
are selected to maximize their chances of mating with a high-quality male and may
therefore sample a greater number of males before making a final mate choice decision.
First, we consider the “standard” assumption (Johnstone 1994) to be that females
do not vary in their sensory processing and all have an average ability to resolve male
signals. Under these conditions, we predict that directional selection will lead all females
to have equal preference function slopes and to prefer the highest-quality male (Table
1.1). Therefore, any variation in mate choice should result from differences in female
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choosiness. For example, females in poor condition may not be able to expend as much
effort in mating as females in good condition.
However, when we consider the scenario where females vary in a single sensory
processing mode (e.g., high variability in A, average variability in B), we could have
several outcomes depending on the cause of the variation and the information females
have about potential mates. First, following the redundant signalling hypothesis, if
females are in good condition and developmental factors cause variation in sensory
processing, females with poor resolution in modality A should resolve differences
between males using modality B and thus should have preference function slopes less
than the “standard” female and should show decreased choosiness because they have less
information available to them about the potential mates (Table 1.1). In contrast, females
with high resolution in modality A should place more emphasis on this modality during
mate choice and subsequently express increased preference function slopes and increased
choosiness because they can resolve fine differences between males and benefit from
choosing the highest-quality male (Table 1.1). Second, according to the redundant
signalling hypothesis, if a conditional factor leads to variation in sensory processing, we
would expect poor-condition females to be have low sensory resolution to distinguish
males based on A, hence choosing mates based on B. Preference function slopes for these
females would be less than the “standard” female and their choosiness would be further
decreased because of the combination of the females’ poor condition and loss of
information from one sensory modality (Table 1.1). However, if females follow an
assortative mating strategy, males may still be chosen based on modality B but prefer
quality-matched males. In this case, we would still expect to see preference function
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slopes less than the standard female and greatly decreased choosiness (Table 1.1), but
females will rank males differently from a low-quality female that still prefers highquality males. Lastly, high-quality females with a higher resolution in modality A may
put more emphasis on modality A in mate choice as this modality provides the female
with the most information about potential mates. For these females, preference function
slopes would become steeper than the standard and choosiness should increase because of
the combination of the female’s good condition and information from multiple sensory
modalities (Table 1.1).
These predictions become more complex when we consider how individual
females may vary in both sensory processing modalities due to developmental or
conditional factors, which may interact to produce alternative predictions of preference
functions and choosiness. For instance, if we assume that a developmental factor causes
sensory-processing variation in modalities A and B, we predict that a female with poor
resolution in A or B may have greater resolution in the alternative modality (following
the compensatory plasticity hypothesis). This greater sensory resolution in modality A or
B may compensate for the decreased resolution caused by the development factor, and
subsequently lead to her having the same or slightly lower preference function slopes.
Moreover, she could have the same or slightly decreased choosiness relative to the
standard because the amount of information in one sensory modality may allow her to
discriminate finely between males or she may still need the information that would have
been provided by the second modality to make fine discriminations between potential
mates (Table 1.1).
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However, if females that undergo compensatory plasticity in one sensory mode
experience a conditional situation that decreases their resolution in the alternative
modality, then their preference functions will decrease relative to the standard if their
mate choice follows a directional selection pattern, or they may be in the opposite
direction of the standard if their mate choice follows an assortative mating pattern (Table
1.1). In both of these scenarios, female choosiness should be greatly reduced because of
the combined loss of information about the available males and the reduction in the
females’ condition.
We predict that females that have poor resolution in both modalities due to a
developmental factor but are in good condition will choose mates randomly and have
preference function slopes nearing zero and decreased choosiness (i.e., random mating
strategy; Table 1.1). In comparison, females in good condition with high resolution in
both modalities due to a developmental factor should have increased preference function
slopes and increased choosiness (Table 1.1) because these females are able to
discriminate accurately between males and can hence devote more time to mate choice.
A conditional factor may increase sensory processing variation in both modalities.
In this case, we would expect different outcomes for preference functions and choosiness
compared to developmental factors influencing variation because there is no opportunity
for compensatory allocation of resources to the unaffected modality. Females in poor
condition that are unable to resolve one modality may (1) choose males based on the
modality that provides the most information or (2) choose quality-matched mates (i.e.,
assortative mating). In either case, preference function slopes will be less than the
standard (although females choosing mates assortatively may have the opposite-sign
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preference function) and choosiness will be greatly reduced because of the combined
effects of poor condition and less information available about males (Table 1.1). In
comparison, (3) females with poor resolution in both modalities could choose mates
randomly and have preference function slopes nearing zero and greatly reduced
choosiness because these females gain no benefit from time sampling males that they
cannot resolve differences between, or (4) females with high resolution in both modalities
have increased preference function slopes and increased choosiness because they have
more information with which to evaluate males quickly and accurately, as predicted by
the redundant signaling hypothesis (Table 1.1).
Table 1.1 demonstrates that when we consider individual variation in multimodal
sensory processing, the predictions on mate choice vary substantially from situations in
which we assume that there is no individual variation or population-level variation in the
sensory system of females (Endler 1992a; Stuart-Fox et al. 2007). Ultimately, individual
differences in sensory processing influences how we interpret results of mate choice
studies and could alter hypotheses underlying sexual selection. We will now consider
important hypotheses that illustrate the potential relevance of sensory physiology on mate
choice patterns.

1.6.2 Sensory drive hypothesis
The sensory drive hypothesis proposes that male courtship signals may have
evolved to exploit preexisting female sensory biases that increase the probability that a
female will choose a particular male as a mate (Endler 1992b). As such, the sensory drive
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hypothesis is often invoked to explain population-level female preferences for a male trait
(Egger et al. 2011; MacLaren et al. 2011).
Such studies often make two critical assumptions when discussing sensory drive.
The first is that greater sensory stimulation results in preferences for mates with the
stimulating trait (Endler and Basolo 1998). Exaggerated displays are expected to have
greater signal value and generate more matings because they elicit a stronger response
from the female’s sensory system (Ryan and Keddy-Hector 1992). The second
assumption is that biases arising from sensory-processing mechanisms are relatively fixed
(Sherman and Wolfenbarger 1995) and therefore show limited developmental plasticity
(ten Cate and Rowe 2007). However, neither of these assumptions is likely to hold in
all circumstances.
First, while sensory drive theory suggests that all females will prefer intense
displays, the specific components of multidimensional signals preferred by females may
change over time. For example, mate choice in satin bowerbirds is age dependent: young
females place an emphasis on decorations around the male’s bower, whereas older
females evaluate a male's exaggerated behavioral display (Coleman et al. 2004). Second,
with respect to the assumption about fixed processing mechanisms, recent evidence
suggests that individual variation in sensory processing could be common (reviewed
above) and could result in individual differences in preference functions due to receiver
differences in signal processing (Widemo and Sæther 1999).
Basolo (1995) originally suggested that the sensory drive hypothesis does not
assume that sensory biases are fixed. Nevertheless, most empirical studies only evaluate
its predictions at the population level (Egger et al. 2011; MacLaren et al. 2011). We
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suggest that the degree to which a sensory bias can act as a selective mechanism in
female choice could be diminished when the salient components of a sensory trait are
condition dependent. Thus, when individual variation in sensory processing is large,
the strength of a population-level bias will be weaker and less likely to result in
directional selection.

1.6.3 Honest signalling hypothesis
The honest signalling hypothesis predicts that only high-quality males should
produce expensive signals as they are too costly for low-quality males (Searcy and
Nowicki 2005). For example, in birds, testosterone regulates song and plumage, but
signal production is costly as testosterone is immunosuppressive (Folstad and Karter
1992). Therefore, only high-quality males can incur the cost of testosterone and still
produce high-quality sexual signals.
While the honest signalling hypothesis provides a mechanism for male signal
variability, it overlooks how these signals are perceived by different receivers. Indeed,
females varying in quality may process signals differently depending on the cost of
processing (Phelps 2007). For example, carotenoids contribute to immune system
functioning in addition to playing a role in avian vision. Evidence suggests that only
high-quality individuals can allocate carotenoid use for vision rather than for
immunoprotection (Toomey et al. 2010). Such sensory variation among females imposes
variation in males’ signal design, because males display to females that are not
homogeneous in their perception of the signal. Thus, honest signalling is complicated by
the fact that information derived from the signal can be modified by variation in female
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sensory capabilities. Ideally, the honest signalling hypothesis should be expanded to
include a mechanism that relates female condition, her sensory processing and her
variable responses to the study of male signals. If enhanced perception of male traits
leads high-quality females to choose high-quality males, this mechanism could lead to
assortative mating patterns.

1.6.4 Assortative mating
Variation in development or condition often results in high-quality females
pairing with high-quality males, a pattern called positive assortative mating (Burley
1983). Individual differences in sensory discrimination and its link to quality provide a
unique mechanism for understanding these patterns. For example, northern cardinals,
Cardinalis cardinalis, mate assortatively by plumage color (Jawor et al. 2003). One
explanation is that pairing is based on the active choice for a mate that matches the
perception of one’s rank. However, this assortative pattern could also be maintained by a
physiological mechanism where all females prefer high-quality males but are variable in
their ability to distinguish between them.
Cardinal plumage brightness is maintained by a high-quality diet that includes
carotenoids (Jawor et al. 2003). As discussed, there is a positive relationship between
plumage redness and retinal carotenoid concentration, suggesting a common biochemical
basis of color vision and plumage coloration (Toomey and McGraw 2009). Thus, highquality females will be better at distinguishing between males and subsequently, more
likely to mate with higher-quality males.
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This sensory mechanism is a potentially new approach to the basis of assortative
mating. It differs from classical models because it assumes directional selection on mate
choice, but also posits that the strength of selection varies with the distribution of sensory
capabilities in the female population. In contrast, classical assortative mating assumes
frequency-dependent stabilizing selection. The evolutionary consequences of these two
mechanisms could be different as the sensory mechanism allows for variation but
proposes that there is an optimal mate choice that confers the highest fitness. In
assortative mating, however, stabilizing selection predicts phenotype matching by
organisms with a diversity of preference functions. Studies that evaluate the quality of the
mating pair at the level of the sensory system and the eventual fitness benefits could
distinguish between these two mechanisms and make an interesting case for which is
most prevalent in a given population.

1.6.5 Intrasexual selection
Sexual selection theory is framed to demonstrate how secondary sexual
characteristics can evolve through both intersexual mate choice and intrasexual
competition. While the currencies we use in this review (i.e., preference functions and
choosiness) are fundamentally linked to mate choice, variation in multimodal signalling
and reception in an intrasexual context can also be considered. In fact, there is an
emerging literature base for female intrasexual competition outside the typical examples
of sex-role reversal. This literature highlights the importance of considering individual
variation in sexual selection (Edward and Chapman 2011; Rosvall 2011; Myhre et al.
2012). Indeed, competition between females for high-quality males that provide direct
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and indirect benefits may be more prevalent than previously thought (Rosvall 2011; Cain
and Ketterson 2012). Such competition could lead to individual variation in female
sensory processing. This was the case in a population of pollen katydids, Kawanaphilia
nartee, where sexual selection resulted in differences in the size of the females’ thoracic
spiracles, the main input into their auditory system, as well as in the females’ ability to
locate males (Gwynne and Bailey 1999). Greater degrees of individual variation in
female sensory systems should be expected in populations where there is intense
selection for the ability to locate a mate, perhaps because only some females are able to
expend the resources necessary to locate mates. Females may even adopt an additional
sensory modality to locate males in these situations; this has been proposed for females in
the well-studied population of field crickets, in which males have nearly lost their ability
to call because of intense selection against singing males by a parasitic wasp (Zuk et al.
2006). Investigating the role of intrasexual selection in shaping females’ multimodal
sensory biology may be a fruitful avenue for future research.
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1.7 Dissertation Goals
Overall, there is a general dearth of research linking mate choice variation to
multimodal sensory processing variation. To better understand the direction and rate of
sexual selection, estimates of sensory function need to be related to individual differences
in mate selection (Dangles et al. 2009). The goal of this dissertation is to begin to tackle
this research gap through a series of directed questions aimed at understanding the factors
that contribute to variation in male sexual signals and variation in female sensory
perception and behavioral responses to these signals. We addressed several specific
research questions using the brown headed cowbird (Molothrus ater) as a model species,
as this species uses a multimodal display (i.e., song paired with a visual wingspread) in
interactions with both sexes. In Chapter 2 we focused on one side of the animal
communication interaction: signal production. We asked how male signaling behavior
differs with the sex of the receiver; specifically, we were interested in the flexibility of
male singing behavior when directing songs towards both males and females. In Chapter
3 we began to focus on the other side of the animal communication interaction by looking
at receiver female preference functions to different male combinations of multimodal
signals (i.e., different intensity levels of wingspread paired with different songs). To do
this, we assessed female preferences to different levels of male song attractiveness and
visual display intensity in an audiovisual playback study. We then also assessed the
multimodal sensory capacity of each female that underwent this behavioral study so that
we could begin to map out how female multimodal sensory biology affects her preference
for male multimodal signals. In Chapter 4 we explored the possibility of a relationship
between a female’s sensory capacity in one modality (i.e., hearing) and her sensory
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capacity in another (i.e., vision). Then, in Chapter 5, we investigated how these different
females, with unique sensory configurations, rank male signals differently. This series of
studies will help bridge the gap in our knowledge so we can begin to answer the
question: Is there a link between female variation in mate-choice and variation in her
sensory biology?

Choosiness increased: more information
available about males.

Directional selection1 on Preference function slopes are
steeper than the standard.
signal A.

High resolution in A; Good
average resolution
in B.

* Andersson (1994)
‡ Rauschecker and Kniepert (1994)

† Burley (1983)
§ Bennett (1954)

We assume that multimodal signals to females vary between males and that multimodal displays are additive (e.g. a multimodal display is more potent than a
display consisting of a single modality). We define ‘choosiness’ as the amount of time females could spend sampling different males, and we assume that the
number of males available for mating does not differ across situations. Females with ‘average’ variation in a given sensory-processing mode (A or B) distinguish
between males at a rate that does not differ substantially from that of other females in a population. Females with ‘higher-than-average’ variation in a sensoryprocessing mode could differ from the average female and either be less capable of resolving differences between male signals in that modality, or be more
capable of resolving differences between males.

Choosiness decreased: less information
available about males.

1
Directional selection on Preference function slopes are
less than the standard.
signal B.

Poor resolution in A; Good
average resolution
in B

Development

Average

Higher than
Average

Choosiness

1
Females in better condition have greater
Directional selection for All females have equal
preference functions and prefer choosiness.
multimodal signal
the highest quality male. This
function has a steep slope; which
we consider the standard.

Preference
Function

Average resolution in Variable
between
A and B
females

Female
Mate-Choice Pattern
Condition

N/A

Sensory
Resolution

No Variation

Modality B

Cause of
Variation

No Variation

Modality A

Individual Female Variation
in Sensory Processing

Table 1.1 Effects of variation in sensory processing on mate choice via changes in preference functions and choosiness*. Numbers before predictions represent
females with either poorer or better sensory abilities than average as explained in the “preference function” and “choosiness” columns. These female states affect
preference functions and choosiness.
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Condition

Development

Average

Higher than
Average

Higher than
Average

Modality B

Cause of
Variation

Higher than
Average

Modality A

Individual Female Variation
in Sensory Processing

Table 1.1 Continued

Preference Function

3

Good

High resolution in A
and B

Good

Poor resolution in A Good
and B

Hypothesis )

Choosiness increased: more information
available about males.

Preference function slopes close Choosiness decreased: no benefit to
being choosy.
to 0.
1
Directional selection for Preference function slopes
greater than the standard.
multimodal signal

Random Mating4

Directional selection1 on Preference function slopes are Choosiness the same or slightly less than
the same or slightly less than the the standard: less information available
signal with highest
about males.
standard.
resolution.

Females prefer condition
matched males; preference
function slopes are less than and
the opposite of the standard.

Choosiness greatly decreased :
compromised female condition and less
information available about males.

Directional selection1 on Preference function slope less
than the standard
modality with highest
resolution.

Poor resolution in A Poor
or B; females may
have greater
resolution in other
modality
(Compensatory
Plasticity
Assortative mating2
based on modality with
highest resolution

Choosiness increased: females in good
condition and more information
available about males.

1
Directional selection on Preference function slopes are
steeper than the standard.
signal A

Females prefer conditionmatched males; preference
function slopes are less than and
the opposite of the standard.

Choosiness greatly decreased :
compromised female condition and less
information available about males.

Choosiness

Good
High resolution in
modality A; average
resolution in B.

Assortative mating2
based on signal B

1
Directional selection on Preference function slopes are
less than the standard.
signal B.

Female
Mate-Choice Pattern
Condition

Poor resolution in A; Poor
average resolution in
modality B.

Sensory
Resolution
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Higher than
Average

Modality A

Higher than
Average

Modality B

Individual Female Variation
in Sensory Processing

Table 1.1 Continued

Condition

Cause of
Variation

Poor

Poor

Good

Poor resolution
in A and B

High resolution
in A and B

Preference Function

1
Directional selection on Preference function slopes
greater than the standard.
multimodal signal

Choosiness increased: more information
available about males.

Preference function slopes close Choosiness greatly decreased :
to 0.
compromised female condition and no
benefit to being choosy.

Random Mating4

highest resolution3

Females prefer conditionmatched males. Preference
function slopes are less than and
opposite of the standard.

Choosiness greatly decreased :
compromised female condition and less
information available about males.

Choosiness

Assortative mating2
based on modality with

1
Directional selection on Preference function slopes less
than the standard.
modality with highest
resolution

Female
Mate-Choice Pattern
Condition

Poor resolution
in A or B

Sensory
Resolution
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Figure 1.1 Individual variation in female preference functions and choosiness. (A) Preference functions (as
measured by the number of copulatory solicitation displays) of two hypothetical females for three males, A,
B and C. Preference functions are often described in terms of preference strength, which is the slope of the
preference function. Female 1 prefers male C over male B, and male B over male A, and thus the slope of
her preference function is much steeper than the preference function of female 2, who ranks all three males
the same. (B) Female choosiness (measured as time spent per male) and preference strength can be
positively related, so that as preference strength increases, the time a female spends with potential males
increases (e.g. female 1 shows greater choosiness than female 2). (C) Female choosiness and preference
strength can also be negatively related, so that as preference strength increases, a female spends less time
with each male, potentially because the female has high resolution in a sensory modality that allows her to
evaluate males quickly (e.g., female 2 shows greater choosiness than female 1).
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Figure 1.2 Individual variation in chromatic contrast. Chromatic contrast for artificial
objects having reflectance peaks at 350, 400, 450, 500, 550, 600, 650 and 700 nm. Values
correspond to parameters showing the lowest, average and highest values in the range of
between-individual variability in λo and relative photoreceptor density. All other factors
(i.e., peak absorbance of visual pigments, λmax, the reflectance of the visual background
and the spectral properties of ambient light) were held constant in our calculations. See
Appendix A for a description of the model.
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CHAPTER 2. WATCH YOUR TONE: SOCIAL CONDITIONS
MODULATESINGING STRATEGIES2

2.1 Introduction
Studies of communication have often examined male songbirds that sing to
multiple potential receivers: rival males that may encroach on their territory and females
that may become a mating partner (Catchpole and Slater 2008). This conceptual model
commonly assumes that communication is typically done over long-distances, in which
the signal is designed to have a large active space (i.e., the distance from the sound
source in which the signal is still detectable; Brenowitz 1982; Wiley and Richards 1982;
Naguib and Wiley 2001). Additionally, during long-distance communication, the sender
may not be aware of the presence or absence of a particular receiver. Recent work,
however, has demonstrated that many bird species sing at close distances to a known
receiver (Titus 1998; Anderson et al. 2008; Catchpole and Slater 2008; Reichard et al.
2013). Within a close-distance communication framework, the sender is expected to
modify his song to convey specific information or motivations (Morton 1977).
Additionally, within this close-range context, the fine structure of the vocalization is not
necessarily under selective pressure to propagate over far distances (Wiley and Richards
1978; Richards and Wiley 1980) and is therefore expected to show higher structural
variability than long-range vocalizations (Marler 1967; Morton 1982; Fernandez-Juricic
and Martella 2000). Compared with their long-range counterparts, close-range
vocalizations may be under less selective pressure to have a large active space and may
therefore be of lower amplitude than songs or calls that are broadcast over a large area.
2

The text in this chapter is largely based on a publication; see Ronald et al. 2015.
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Recent work on the close-range, low-amplitude songs (i.e., “soft song”, “quiet
song”, “twitter song”, or “whisper song”) noted in over 24 species of North American
passerines (Morton 2000) have largely focused on the role of such songs in aggressive
contexts (Anderson et al. 2008, 2012; Searcy and Beecher 2009; Akcay et al. 2011).
Nevertheless, there are some reports that low-amplitude songs may serve a dual function
in both aggressive and courtship interactions (Dabelsteen et al. 1998; Balsby 2000;
Reichard et al. 2013). Additionally, many group-living species often have close-distance,
low-amplitude contact calls that potentially serve as a means of maintaining group
cohesion (Fernandez-Juricic and Martella 2000).
Hypotheses related to how close-range songs should be modified depending on
the social context are limited. The Motivational Structural Rules Hypothesis is, to the
best of our knowledge, the only hypothesis that predicts context-induced structural
changes in vocal communication made primarily for close-distance, directed signals
(Morton 1977). The Motivational Structural Rules Hypothesis suggests that the physical
structure of sound should be related to the motivation behind a signal’s use. For example,
intrasexual signals used to convey aggression may be lower in frequency and harsher
(i.e., less pure tones) than sounds used in an intersexual context. A vocalization’s
“harshness” can be measured by its entropy, which is the amount of randomness in a
sound, with harsher vocalizations having higher entropy values (Ho et al. 1998;
Tchernichovski et al. 2000). Morton (1977) also suggested that harsh, low-frequency
songs are a direct indication of body size, and therefore, an honest signal of the
probability of winning an aggressive, intrasexual contest.
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The goal of this study was to examine the effect of receiver sex on the spectral
and temporal structure in the songs used primarily for close-distance communication of a
group-living songbird: the brown-headed cowbird (Molothrus ater). As obligate brood
parasites, cowbirds acquire their song skillfully in interactions with conspecifics upon
joining a flock; their song is therefore thought to represent proximate quality and a male’s
ability to attend to social cues from flock mates (King and West 1983; Freeberg et al.
1995; Dohme et al. 2015). Investment in singing toward other singing males (i.e.,
counter-singing) and toward females has been shown to correlate with male mating
success (White et al. 2010; Kohn et al. 2013).
Cowbirds have two types of vocalizations: a flight whistle which is a longdistance signal given most often during flight, and the perched song which is given most
often during directed displays to both sexes at close distances (<1 m) but can also be sung
in non-directed, long-distance displays (Rothstein et al. 1988). The perched song (Figure
2.1) typically has three elements: (1) a series of low-frequency, complex glugs that are
each comprised of frequency “steps” formed from alternating sides of the syrinx during
singing (phrase 1 [P1]; Allan and Suthers 1994), (2) the interphrase unit (IPU), a brief, 50
ms, high-frequency burst of energy, and (3) the second phrase (P2), a complex series of
high-frequency, frequency- modulated tones (West et al. 1979). The first phrases of the
cowbird song have been shown to be critical to inducing the female copulatory position,
and the later portion of the song has been hypothesized to contain information regarding
individual identity, which may be more important in male interactions (West et al. 1979).
The cowbird perched-song repertoire usually ranges from 2 to 8 different songs types
(Dufty 1986). Males will cycle quickly through their entire repertoire during interactions
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with both sexes (King and West 1983). Cowbirds often pair their perched songs with a
visual bow and wing-spread display, and this entire visual display varies (depth of the
bow, extent of wing extension) depending on the sex of the receiver (O’Loghlen and
Rothstein 2010). Nevertheless, songs sung without a visual display are capable of
generating normal reproductive responses, such as copulatory solicitation displays
(O’Loghlen and Rothstein 2010) or wing strokes (West and King 1988) from females and
counter-singing responses from males.
Many studies have demonstrated that male cowbirds can modify their perched
songs based on social information from conspecifics (reviewed in West et al. 2011).
Changes in flock composition (e.g., the presence or absence of adults/juveniles or
males/females) have been shown to influence song potency (West and King 1980) and
reproductive success (White et al. 2002; Gersick et al. 2012; Kohn et al. 2013). For
example, King and West (1977) showed that cowbird males reared in isolation develop
very effective courtship songs. However, when these isolate males are reintroduced into a
flock, their potent songs elicited aggressive attacks from the resident males. In response,
the introduced males quickly learned to reduce their song potency to avoid subsequent
attacks (West and King 1980). Moreover, there is considerable evidence that female
cowbirds affect song learning by providing visual feedback in the form of wing strokes to
indicate their preference for particular song elements (West and King 1988;
West et al. 2011).
Although there is substantial evidence that cowbird song is influenced by the
flock composition, we know relatively little about how a male cowbird modifies his song
based on social context. Following the Motivational Structural Rules Hypothesis, we
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predicted that songs within a given song type directed to males would be lower in
frequency and more entropic (i.e., harsher) with higher frequency-modulation rates than
those same song types sung to females. We also predicted from the Motivational
Structural Rules Hypothesis that there should be a negative correlation between
frequency and body mass, and a positive correlation between entropy and body mass, as
larger birds are able to produce lower frequency, higher entropy sounds (Greenewalt
1968; Morton 1977). We also measured the duration of the song elements but made no a
priori predictions about song length because the evidence is mixed as to whether song
duration is an aggressive or appeasing signal in passerines (Poesel et al. 2001; Nelson
and Poesel 2011).
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2.2 Materials and Methods
2.2.1 Overview
We examined the effect of receiver sex on spectral and temporal differences
within a given song type. We recorded male song presented during trials to both males (N
= 25) and females (N = 10) and categorized each song into particular song types for each
individual male by examining the number of glug elements in P1, and the shape of the
final P2 element (see Figure 2.1). We selected up to five exemplars (see Table B.1) of
each male’s song types and ran two analyses on the assemblage of songs: (1) a crosscorrelation analysis to determine whether males adjusted their songs depending on
receiver sex, and (2) a spectral and temporal analysis to examine whether any differences
found in the cross-correlation analysis could be explained by differences in frequency or
entropy, as predicted by the Motivational Structural Rules Hypothesis.

2.2.2 Animal capture and housing
All animal care and experimental procedures were approved by Purdue Animal
Care and Use Committee (PACUC) Protocol # 1111000151. Between May 2, 2011 and
April 26, 2012, 40 adult male and 10 adult female cowbirds were wild-caught in decoy
traps in collaboration with the USDA APHIS (Sandusky, OH). Specifically, 30 adult
males were caught between May – June 2011 and 10 adult males and 10 adult females
were caught in April 2012. We did not include juvenile males in this study. Adult and
juvenile males were differentiated based on plumage patterns characteristic to the
different age classes (e.g., only adult males have completed their molt into their black
iridescent plumage). Birds were housed at Purdue University in individual enclosures
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(size equal to 0.5 m3) in single-sex rooms and provided mixed seed, grit, and water ad
libitum. Birds’ water was treated with a 9.6% oral solution of Amprolium (1:1000; to
prevent Coccidial infection) for five consecutive days after being brought into the
laboratory. Every other day, birds were given two mealworms and their water was
supplemented with vitamins (Premium Multi-Drops Vitamins). The lighting schedule was
adjusted weekly to follow the natural lighting conditions of West Lafayette, IN (ranging
from 14:10 hours Light:Dark in the summer to 10:14 hours during the winter).
During the 2011 molting season (August – November), 30 males were included in
a food-deprivation experiment to examine the effects of stress on plumage reflectance (15
birds were randomly assigned to the food-deprived condition and 15 birds were assigned
to the non-food-deprived condition). While current condition (manipulated via food
deprivation) has been shown to decrease singing rate in some species (e.g., Ritschard and
Brumm 2012), there is no evidence suggesting that past food deprivation (over 6 months
prior) has any impact on current singing behavior. Moreover, our non-food-deprived
birds and food-deprived birds did not vary in body condition (i.e., there was no
significant effect on PCA scores that combined body mass and tarsus length) at the
beginning of this experiment (F1,10 = 1.33, p = 0.28). When we included deprivation
treatment in our analyses, we did not find a significant effect on any measured parameter
(all F1,45 ≤ 2.67, P ≥ 0.11); thus, we removed this covariate from our statistical models.
Between May 2 and July 2, 2012, all males were implanted with testosterone in an
attempt to reduce any hormonal profile differences between individuals captured in 2011
and 2012 and to increase display motivation. Testosterone is known to increase singing
motivation, but has not been shown to influence song syntax in this species (O’Loghlen
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and Rothstein 1993, 2002; O’Loghlen et al. 2013). Additionally, all female cowbirds
were implanted with estrogen in order to induce breeding season behavior (e.g.,
copulatory solicitation displays) for an ongoing study. Following previous studies
(O’Loghlen and Rothstein 1993, 2002; O’Loghlen et al. 2013), testosterone and estrogen
implants were made by packing either 10 mm crystalline testosterone or estrogen (Sigma
Chemical Co., St. Louis, MO) into Silastic tubing (outer diameter 1.96 mm) and sealed
with Silastic adhesive. This amount of hormone is a long-lasting, physiological dose that
is typically within the natural bounds for songbirds in the breeding season (Hunt and
Wingfield 2004). Such implants will keep the hormone levels stable until they are
removed. All birds were sedated with a combination of ketamine (40 – 60 mg/kg) and
midazolam (6 – 8 mg/kg) injected into the breast muscle so that birds could be implanted
subcutaneously in the chest. Birds were placed on a heating pad and allowed to recover in
their individual home enclosures after implantation; they were allowed 3 weeks of rest
prior to being a part of song recording trials.

2.2.3 Song recordings
Trials were conducted in the late breeding season of late July – August 2012. A
summary table including each individual’s trial days, the total number of songs collected,
and the number of songs included in the final analyses is provided (see Table B.1). A
single trial consisted of a male being taken from his home enclosure and placed in a
0.5 m3 wire mesh experimental enclosure with a single perch. One side of the
experimental enclosure contained a small Plexiglas window (30 cm x 15 cm) which was
adjacent to another identical cage enclosure containing an unfamiliar male or female.
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This arena setup allowed for bidirectional communication between the two individuals. A
camera (HD Everio GZ-E10) was placed adjacent to this window to record male visual
displays. Although Plexiglas generally does not allow the transfer of light in the UV
spectrum, cowbird feathers have not been shown to reflect in the UV (McGraw et al.
2002), and thus, we assumed the lack of this signal would have no effect on the receiver
responses. Additionally, we assumed that the small size of the window would not
significantly affect the transmission of visual or acoustic stimuli. Both experimental
enclosures were situated on a table within a 3 x 3 x 4 m indoor room lined with acoustic
tiles and acoustic foam (Foam Factory, Clinton Twp., MI). No other birds were within
earshot of this experimental setup. A Sennheiser ME66 short directional microphone
powered by a K6 powering unit was placed above the arena, equidistant (1 m) from the
two perches. All audio recordings were sampled at a rate of 44.1 kHz on a Marantz PDM690 professional solid-state recorder and saved as.wav files. A second camera (Samsung
SMX- F40BN) was positioned to view the entire arena so that the identity of a singing
male during male-male trials could be confirmed. Trials were run between 0600 and 1600
h and lasted approximately 30 minutes. Males were exposed to a bird of a randomly
chosen sex within a given day, but two males were never included in a trial together if
they were neighbors in their home enclosures. This reduced the potential effects of
familiarity in differences in song production. No bird completed more than four trials in a
given day, and birds were not run on consecutive days. Each bird was weighed and
returned to their home enclosures for 2 hours between subsequent trials. Of the 25 males
tested, 18 males vocalized during at least one of their trials, and seven birds sang to both
a male and a female stimulus.
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2.2.4 Song similarity and spectral/temporal analyses
Song selection and noise reduction
Songs for each male were classified into different song types using COOL EDIT
PRO (version 2). We selected a maximum of five exemplars of each male’s different
song types from both a male-directed and female-directed trial in order to determine the
influence of receiver sex on song spectral and temporal parameters (see Table B.1).
Exemplars were always selected from the beginning of each trial, until five high-quality
exemplars (songs in which no other bird was singing and/or creating noise by moving
inside the enclosure) were reached. Most birds sang the majority of their song types to
both a male and female receiver within a 2-week time-frame; thus, we chose exemplars
from trials that were conducted as close in date as possible but never more than 2 weeks
apart in order to have the most balanced dataset possible and also to be conservative with
respect to any seasonal changes that may occur within a male’s song type. This slightly
decreased our overall sample size of songs as some birds did not sing their full repertoires
during this 2-week cutoff period to both males and females. Moreover, in some cases
(four individuals), this also resulted in all of a male’s female-directed songs to be
collected from one sampling session, and all of his male-directed songs to be collected
from another. Therefore, we included date as a covariate in our original spectral analyses
to tease apart the potential confounding effects of receiver sex and trial date. We reduced
the background noise from each recorded song with the noise reduction function in
CoolEdit Pro. We then normalized the amplitude of all the songs in the wav file to 80%.
we chose not to analyze the Glug 0, Glug 3, or IPU (see Figure 2.1) elements because
these song components could not be found across all male song types.
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Song similarity statistics: cross-correlations
We examined the effect of receiver sex on the fine spectral and temporal
differences within a given song type with a cross-correlation analysis. Cross-correlation
can be used to measure the similarity between two waveforms as a function of a time-lag
applied to one of the waveforms. We used normalized cross-correlation values;
normalization results in identical waveforms having a cross-correlation coefficient of 1
and a waveform cross-correlated with white noise has a cross-correlation coefficient of 0
(Boersma and Weenink 2009). We limited the cross-correlation analyses to the exemplars
of each song type sung by each male irrespective of the sex of the receiver (e.g., all of a
male’s “A” song types were cross-correlated with each other, but these “A” types were
not correlated with his “B” song types). Cross-correlation analyses were generated using
a Praat script (“cross-correlate” in Boersma and Weenink 2009; version 5.1.32). We
also repeated this procedure separately for several components of the song (e.g., first
glug, P1, and P2).
We used multidimensional scaling (MDS; Proc MDS, SAS Institute., v 9.3) to
reduce the dimensionality of the cross-correlation matrix. Each song type and song
component for each male was analyzed separately. MDS estimates the relative position of
a set of objects (e.g., male- and female-directed waveforms of a particular song type from
a single male) in a space with a user-specified number of dimensions. We fit the MDS
model with 3 dimensions, as the estimated R value for 3 dimensions was > 0.95 for all
MDS models [R values were calculated from the MDS generated badness-of-fit statistic:
badness of fit = √ (1-R*)]. Our MDS analyses used absolute values of dissimilarity
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(calculated as 1 minus the cross-correlation coefficient), which yields approximate values
of dissimilarity between the different exemplars of a male’s song type across MDS space.
We calculated the distance in MDS space for all pairs of songs of a given type
directed to males, or songs directed to females, and for pairs songs sung to receivers of
different sexes. The same was done for each song component (first glug, P1, and P2)
within a particular song type. Thus, for each male, we had the mean distance and
variation within all his male-directed songs, female-directed songs, and also the distance
between pairs of songs directed to receivers of different sexes songs within a particular
song type. We then used repeated-measures ANOVAs with Proc MIXED in SAS to
model the main effects of sex, year of capture, mass of the singer, and their interactions
on the MDS distance (measured as dissimilarity). We specified a variance component
covariance structure and the Kenward–Roger method to calculate the degrees of freedom.

Spectral and temporal measurements
We used Sound Analysis Pro (version 2011.104) to measure different spectral
components of the song exemplars from each male. We measured the frequency
(fundamental, mean, and peak), frequency modulation (FM), entropy, and duration for
glug 1, glug 2, and P2 for each song. Sound Analysis Pro calculates the Weiner entropy
value, a pure number (i.e., unitless) measured on a logarithmic scale from 0 (e.g., white
noise) to minus infinity (e.g., complete order, or a pure tone; Tchernichovski et al. 2000).
Thus, this scale provides an index of the harshness of a sound, where harsher sounds are
more entropic and closer to a score of 0. In this analysis, we chose not to analyze

72
amplitude or amplitude modulation (AM) because birds did not always vocalize from the
same distance or orientation to the microphone.
We used repeated-measures ANOVAs with Proc MIXED in SAS to analyze FM
rates, frequency (fundamental, mean, and peak), entropy, and duration separately for all
song components (in this analysis: glug1, glug2, P2). We split the P1 into separate glugs
in order to have a finer analysis of the spectral and temporal profiles of this part of the
song. Fundamental and peak frequency of the glugs and P2 song elements were logtransformed to meet the normality assumption. In several cases, a single outlier was
removed to meet the normality assumption; we verified that the outlier removed had a
residual value of at least 4 standard deviations from the mean. We specified a variance
component covariance structure and the Kenward-Roger method to calculate the degrees
of freedom. Our independent factors included the effect of song type (nested within
singer), receiver sex, mass of the singer, recording date, stimulus identity nested within
sex, and the interaction between song type and receiver sex.
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2.3 Results
We collected a total of 630 songs from the seven birds that sang their repertoires
to both sexes: 346 were directed toward females and 284 were directed toward males. We
found that pairs of songs were significantly more dissimilar if they were directed to
different sexes compared with songs directed to the same sex (Figure 2.2). This effect
was found for all components of the songs examined: the first glug, the entire P1, the P2,
and the whole song (Table 2.1). This is evidence that males alter the structure of a given
song type based on the intended receiver. Capture date and singer mass significantly
affected dissimilarity of the P2 and the P1 components, respectively. To examine the
relationship between singer mass and the difference in P1 components, we examined β,
the slope of the line predicted by SAS describing the relationship between continuous
independent and dependent factors. Larger birds tended to have more dissimilar P1
components than smaller males (β = 0.011 ± 0.004). Additionally, birds caught in 2012
had more dissimilar P2 components (0.73 ± 0.01) than those caught in 2011 (0.68 ±
0.02). Nevertheless, the interaction between capture year and receiver sex was never
significant (Table 2.1), so the general pattern of males singing more dissimilar songs to
females was consistent across all birds.

2.3.1 Spectral and temporal differences
We examined whether there were any consistent spectral or temporal patterns in
the songs males sang to females versus to males that might result in the significant
differences we observed in the cross-correlation analyses. Not surprisingly, because song
types were visually categorized by the spectral properties of the song, the main effect of
song type was significant for all variables for every song component (see Table B.2).
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Several of our covariates were also significantly related to the measured song properties.
For example, we discovered that stimulus identity (nested within sex) was significant
across multiple spectral and temporal properties (see Table 2.2). In particular, all
measured parameters (e.g., duration, frequency, entropy, and frequency modulation) of
the P2 song component were significantly affected by the stimulus identity (all F10,119 ≥
1.92, P ≤ 0.05), and the entropy and fundamental frequency of all song components were
altered by the identity of the receiver (all F10,119 ≥ 1.95, P ≤ 0.05; see Table 2.2).
Moreover, we observed that recording date significantly affected the frequency
parameters of several different song components. The fundamental frequency (F1,118 =
15.78, P < 0.001) and mean frequency (F1,118 = 6.20, P = 0.01) of the P2 were negatively
associated (β = -0.90 ± 0.23; β = -28.25 ± 11.35, respectively) with recording date, while
the P2 peak frequency was positively associated with date (F1,118 = 6.89, P = 0.01; β =
31.73 ± 12.09). Additionally, recording date was also negatively related to both the
fundamental frequency of glug 1 (F1,119 = 5.85, P = 0.02; β = -0.03 ± 0.01) and the peak
frequency of glug 2 (F1,119 = 8.28, P = 0.005; β = 22.03 ± 7.66).
We found significant main effects of sex across the different spectral and
temporal measurements of several song components (Table 2.2). The only consistent
result across all components of the song was a significant main effect of sex on a song’s
entropy (all F1,118 > 4.19, P < 0.04). Indeed, entropy was consistently higher for songs
sung to males than those sung to females for glug 1, glug 2, and P2 (see Figure 2.3). In
addition, we also found a significant song type by receiver-sex interaction across multiple
different song components and measured variables (see Table 2.2). Again, here the only
consistent result across all components of the song was a significant interaction between
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sex and a singer’s song type on a song’s entropy (all F11,118 > 2.01, P < 0.03). We
investigated this interaction by plotting sex and song type for all the males and verified
that the patterns for entropy were consistent across males’ different song types (i.e., the
majority of the male song types followed the pattern of the main effect; see Figures B.1 –
B.3). Singer mass was significantly related to the entropy (F1,119 = 13.69, P < 0.001) and
duration (F1,117 = 14.71, P < 0.001) of the P2 component of the songs analyzed. Both
entropy and duration were positively related to the P2 (β = 0.100 ± 0.03; β = 8.68 ± 2.26,
respectively), and no other spectral or temporal measurements (mean frequency, peak
frequency, FM, or duration) were significantly influenced by singer mass (all F1,119 ≤
2.73, P ≥ 0.10).
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2.4 Discussion
The results of our cross-correlation analysis suggest that within a close-distance
communication framework, cowbirds modify their perched songs depending on the sex of
the receiver. An investigation of the spectral and temporal properties of songs given in
different social contexts shows that males appear to modify the fine structure (e.g.,
entropy) depending on the sex of the receiver. Consequently, even subtle changes within
a song type may be meaningful to the intended receiver. This is, to the best of our
knowledge, the first evidence to report how male cowbirds modify the spectral properties
of their song based on social context. Furthermore, males adjusted different song types
within their perched song repertoire in different ways. We found significant interactions
between the sex of receiver and song type for the variables we measured: frequency
modulation, duration, entropy, and frequency (mean, peak, and fundamental), across all
the different song components: glug1, glug2, and P2. These interactions suggest that
cowbirds may modify each song type differently depending on the receiver. Although we
found significant interactions between sex and song type, we only found a consistent
main effect of sex for entropy across the different song components, which partly
supports our predictions made from the Motivational Structural Rules Hypothesis
(Morton 1977). Males sing the same song with higher entropies to other males, but use
lower entropies when directing these songs to females. All additional variables measured
(duration, fundamental frequency, peak frequency, mean frequency, FM) did not show
consistent patterns across the different song parts. Thus, we did not find direct support for
our predictions regarding frequency: males did not lower song frequency when singing to
males versus singing to females.

77
Our findings at the song structure level are in agreement with previous research
showing that male cowbirds modify their visual displays depending on the sex of the
receiver (O’Loghlen and Rothstein 2010). Male cowbirds display more intensely (e.g.,
longer display duration, deeper bows, wider wing-spread) when displaying toward males
than when displaying toward females. The multimodal combination of both the vocal and
the visual displays may be important for mate choice in this species (O’Loghlen and
Rothstein 2010), and it appears that females prefer female-directed, low-intensity
wingspread displays (O’Loghlen and Rothstein 2012). Along these lines, female
cowbirds may discriminate between male- and female-directed songs. In the present
study, we did not examine visual display intensities; consequently, it is possible that
motions involved in these intense displays affected the acoustic properties of the song
(Cooper and Goller 2004). Future research should examine both properties of the
multimodal signal simultaneously to deter- mine whether differences in song are the byproduct of extreme body movements.
Our predictions regarding body size were also somewhat supported as we
predicted that there should be a negative correlation between frequency and body mass,
and a positive correlation between entropy and body mass. The Motivational Structural
Rules Hypothesis proposes that lower frequency vocalizations may be an indication of
larger body mass, and thus convey information regarding the potential to win an
aggressive encounter (Morton 1977). In this study, we did find that singer mass was
positively related to the entropy and duration of the P2, but we failed to detect a
relationship between singer mass and frequency.
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It is interesting to note that the effect of body mass on the entropy properties of
perch song correlate with the predicted functions of the P2 components of the song. The
P2 is predicted to signal individual identity or dominance status, potentially to males
(West et al. 1979). Thus, if male body size is an indication of quality or fighting ability,
perhaps males are using highly entropic notes within the P2 component to signal to
males. Several other bird species also seem to use different parts of the same song to
perform different functions (Marler and Slabbekoorn 2004). In chaffinch (Fringilla
coelebs) song, for example, the end flourish appears to be more important in mate choice,
while the trill is important in interactions with other males (Leitao and Riebel 2003).
Similar to cowbirds, in the barn swallow (Hirundo rustica), a series of complex notes at
the beginning of the song appear to function in female choice (Møller et al. 1998), while
the ending rattle was implicated in male-male competition (Galeotti et al. 1997).
It is not altogether surprising that we also found a significant relationship between
stimulus identity and several of our dependent variables; most notably we found that
receiver identity significantly affected all measured spectral and temporal measures of the
P2 song component in addition to the entropy and fundamental frequency of all song
parts. This suggests that cowbirds may not only modify their song based on the sex of the
receiver, but also tailor their songs to communicate with a specific individual. As
mentioned previously, the P2 is the most variable portion of the cowbird song and has
been hypothesized to function in individual identity (West et al. 1979); our results
suggest that this portion of song may be the most malleable and thus contain information
pertinent to specific receivers.
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A critical next step is to examine whether there are fitness benefits to males that
can modify their song to a greater extent depending on the sex of the receiver. The
facultative modification of song is not particularly well described, especially for
songbirds that sing the same repertoire to males and females (Leitao et al. 2006; Benedict
et al. 2012). However, growing evidence suggests that male quality may be associated
with the ability to signal appropriately in different social contexts (reviewed in Taborsky
and Oliveira 2012; West et al. 2011).
In brown-headed cowbirds it has been hypothesized that male age and experience
may play a significant role in signaling ability (O’Loghlen and Rothstein 1995, 2012).
Male cowbirds have a delayed development of local, shared perched songs until after
their second breeding season, and, as such, second-year males rarely obtain copulations
even though they are fully sexually mature (Rothstein et al. 1986; Yokel et al. 1986;
O’Loghlen and Rothstein 1993). Female cowbirds, indeed, tend to show a preference for
the local perched songs over the non-shared perched songs sung by second-year males
(O’Loghlen and Rothstein 2003). Similarly, a male’s experience with fluctuations in
group size and composition (such that would occur over a breeding season) have also
been shown to influence the dominance relationships and singing behavior of cowbird
individuals (White et al. 2010, 2012; Kohn et al. 2011, 2013; Gersick et al. 2012). Many
of our males were housed in a same-sex, socially static environment since 2011 and it is
likely that lack of a dynamic interaction with other individuals may have decreased the
motivation to sing, resulting in a relatively low number of individuals that sang to both
sexes. Indeed, the males that did sing to both males and females seemed to have more
species-typical interactions with conspecifics than those males that only sang to one sex:
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male-male trials frequently involved counter-singing and male-female trials often had
female chattering in response to male singing. Nevertheless, capture date never
significantly interacted with sex of the receiver so males did not sing differently to males
or females depending on their date of capture. Although we were unable to differentiate
the age (i.e., experience) between the adult males (juvenile males were not included) in
this study, it would be interesting to test the development of singing behavior and
whether within-song tuning with changes in receiver sex is a learned phenomenon.
In addition to understanding the role of singer age and experience in the tuning of
songs to different receivers, it may also be interesting to investigate whether differences
in hormonal profiles underlie the ability to tune songs in different social contexts. In the
current study, all males were implanted with testosterone and females with estrogen in
order to encourage singing and typical receiver responses in a laboratory setting. The
physiological dose used had previously been shown to be effective in multiple studies of
courtship behavior in this species (O’Loghlen and Rothstein 1993, 2002; O’Loghlen et al.
2013). Nevertheless, testosterone has been shown to increase aggressiveness in this
species (Dufty 1986) and may also shape how cowbirds communicate with conspecifics.
Therefore, it may be worthwhile to examine whether non-hormone implanted birds also
vary the fine structure of their songs depending on the social context.
Overall, our findings suggest that communication is dependent on the social
environment. Moreover, there are multiple levels of signal complexity that may be
modified depending on social context: from overall alterations of singing performance or
rate, to within-song variability in spectral and temporal measurements. Therefore, our
interpretation of a signal’s content must be done within the framework of the social scene

81
in which the signal evolved. Future studies should investigate whether similar signal
flexibility can be detected in larger groups of social animals (McGregor 2005; Bradbury
and Vehrencamp 2014), where the presence of more than one receiver may affect the
motivation of the sender, and the signal evaluation of the receiver. Indeed, the potential
for eavesdropping by conspecifics may alter the costs and benefits between finding a
mating partner and resisting attack from more dominant individuals in the group (FreedBrown & White 2009, West and King 1980). Perhaps the ability to adjust a signal with
the social context is an honest indication of the signaler’s quality or condition. We urge
that more research is necessary to determine the fitness payoffs of signal plasticity or
adjustment at multiple levels of sociality: from pairs of individuals to larger groups.
Moreover, in a world where animal communication is rarely only done in one signal
modality, it is imperative that more studies incorporate how signalers use multiple
sensory modalities within different social contexts.
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Table 2.1 Dissimilarity between pairs of songs directed to different sexes.

Song
Component

Receiver
Sex

Capture
Date

Capture
Date*Receiver
Sex

Singer
Mass

Whole Song

F 2,46 = 4.80
P = 0.01

F1,46 = 1.64
P = 0.21

F2,46 = 0.85
P = 0.43

F1,46 = 0.43
P = 0.51

First Glug

F 2,43 = 8.04
P = 0.001

F1,43 = 0.93
P = 0.34

F2,43 =2.02
P = 0.12

F1,43 = 0.58
P = 0.45

P1

F 2,45 = 6.68
P = 0.003

F1,46 = 1.74
P = 0.19

F2,46 =1.185
P = 0.32

F 1,46 = 8.89
P = 0.005

P2

F 2,46 = 13.6
P < 0.001

F 1,46 = 4.28
P = 0.04

F2,46 = 0.68
P = 0.51

F1,46 < 0.001
P = 0.97

Stimulus Sex *
Song Type

Stimulus Sex

Stimulus Identity
(Stimulus Sex)

Independent
Factor

F11,118 = 1.5
P = 0.14

F 11,119 = 3.31
P = 0.001

F 11,119 = 2.29
P = 0.01

Glug1

F11,118 = 2.62
P = 0.11

F1,118 = 2.31
P = 0.15

F 1,118 = 11.38
P = 0.001

P2

P2

F1,119 = 2.33
P = 0.13

F1,119 = 0.94
P = 0.34

Glug2

F 11,119 = 4.27
P < 0.001

F1,119 = 0.34
P = 0.54

F1,119 = 0.12
P = 0.73

Glug1

F11,119 = 1.66
P = 0.09

F 10,118 = 2.75
P = 0.005

F 10,118 = 15.78
P < 0.001

P2

Glug2

F10,119 = 1.39
P = 0.19

F 10,119 = 1.95
P = 0.05

F10,119 = 1.00
P = 0.45

F 10,119 = 4.66
P < 0.001

Glug1

Glug2

Mean
Frequency

Fundamental
Frequency

Song
Part

F11,118 = 1.63
P = 0.10

F 11,119 = 4.20
P < 0.001

F 11,118 = 2.19
P = 0.02

F1,118 = 1.55
P = 0.22

F1,119 = 1.11
P = 0.30

F1,118 = 0.04
P = 0.85

F 10,118 = 2.87
P = 0.003

F10,119 = 1.66
P = 0.10

F10,118 = 1.8
P = 0.07

Peak
Frequency

F11,119 = 1.12
P = 0.35

F 11,119 = 3.53
P < 0.001

F11,119 = 1.16
P = 0.32

F1,119 = 0.01
P = 0.76

F1,119 = 0.25
P = 0.62

F1,119 = 0.42
P = 0.52

F 10,119 = 1.92
P = 0.05

F10,119 = 1.07
P = 0.39

F10,119 = 0.59
P = 0.82

Frequency
Modulation

F 11,119 = 4.44
P < 0.001

F 11,118 = 2.24
P = 0.02

F 11,119 = 2.01
P = 0.03

F 1,119 = 16.4
P = 0.001

F 1,118 = 4.19
P = 0.04

F 1,119 = 6.58
P = 0.01

F 10,119 = 2.86
P = 0.003

F 10,118 = 4.91
P < 0.001

F 10,119 = 7.97
P < 0.001

Entropy

F 11,117 = 3.96
P < 0.001

F11,119 = 1.51
P = 0.14

F 11,119 = 2.24
P = 0.02

F 1,117 = 24.4
P < 0.001

F 1,119 = 4.37
P = 0.04

F1,119 = 0.49
P = 0.48

F 11,117 = 3.96
P < 0.001

F11,119 = 1.51
P = 0.14

F 11,119 = 2.24
P = 0.02

Duration

Table 2.2 Statistics associated with the effect of stimulus identity, stimulus sex, and the interaction between stimulus sex and song
type on measured song parameters.
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Figure 2.1 Spectrograms of a focal male’s full song repertoire (A – E). Cowbird perched
songs are characterized by a series of low-frequency “glugs” (Glug1, Glug 2, etc.) which
combined make up the first phase of the song (Phase 1; P1 hereafter). The second and
final phase (Phase 2; P2 hereafter) is composed of high-frequency sweeps. Cowbird
songs were characterized first by the overall shape of the P2, and then by the number of
elements in P1. Both “b-” and “e-” type songs for this male have the same P2, but the
number of elements in P1 differs (E has 3 glugs, and an introductory low frequency
‘whoo,’ named Glug 0, while B has the more typical 2 glugs).
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Figure 2.2 Dissimilarity (derived from multidimensional scaling analysis) of cross
correlations between all pairs of any specific song given by each male. Songs sung within
a sex (females: FF, dark gray bars) and (males: MM, light gray bars) are more similar that
songs sung to the opposite sex (MF, white bars) across all song types and components:
the whole song, P2, P1, and Glug 1.
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Figure 2.3 Main effect of entropy across the different song components: Glug 1 (A),
Glug 2 (B), and P2 (C) for each individual singer. Entropy values were standardized
based on the deviation from the mean for each singer. Entropy is consistently lower in
songs sung to females (circles) than those songs sung to males (squares).
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CHAPTER 3: WHAT MAKES A MULTIMODAL SIGNAL
ATTRACTIVE? A PREFERENCE FUNCTION APPROACH

3.1 Introduction
In multimodal signals, two or more signal components from different sensory
modalities can combine or interact to influence receiver behavior (Candolin 2003; Hebets
and Papaj 2005; Partan and Marler 2005). Multimodal signaling is well described across
many animal taxa, but the shape of the preference function (i.e., the pattern of female
response with variation in a male signal; Wagner 1998) for multimodal signals has been
little studied (Bailey 2011; Taylor et al. 2011; Smith and Evans 2013; Reicher and Höbel
2015; Stange et al. 2016). This is an important gap in animal communication because the
shape of the female preference function can indicate the specific characteristics of a male
signal component that are under the strongest selection (Brooks et al. 2005; Gerhardt and
Brooks 2009). One of the biggest challenges in signal evolution studies has been to
determine which components of a complex signal are under selection (Girard et al. 2015;
Wilkins et al. 2015).
The separate sensory modalities of a multimodal signal are typically described by
the information they contain: they can provide either (1) redundant information (also
called a degenerate system in Hebets et al. 2016) where the components derived from
different sensory modalities provide functionally similar information (i.e., the “back-up”
hypothesis), or (2) non-redundant information where different components provide
functionally different information (i.e., the “multiple messages” hypothesis; reviewed in
Candolin 2003; Hebets and Papaj 2005; Partan and Marler 2005). This classic framework
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uses a cue-isolation approach that allows us to establish the information content in
multimodal signals and the potential contribution of each modality (Hebets and Papaj
2005; Partan and Marler 2005). This framework typically considers both signal
components as binary variables (e.g., present versus absent).
Smith and Evans (2013) relaxed the assumption of binary signal components by
modeling how simultaneous variation in two modalities can affect female preference
surface plots for both redundant and non-redundant multimodal signals. Here, we have
extended the Smith and Evans’ (2013) model to demonstrate that the information
contained in a signal component in one modality (e.g., intensity of a song) can generate
different female preference function shapes across intensity levels of a separate signal
component (e.g., intensity of a visual display; Figure 3.1). This extended modeling
exercise (see details below) was used to develop a set of predictions that we
tested empirically.
We assumed that signals are honest and that signal intensity (e.g., higher song
rates, more saturated color displays, greater pheromone concentrations, etc.) indicates
higher male quality. We first generate a series of preference isoclines that illustrate how
female preferences can change as a function of intensity in both signaling components
(i.e., modality A and modality B; Figure 3.1). In our figures, a unit increase in signal
intensity in one modality is assumed to have the same utility to the female as a unit
increase in signal intensity in the alternate modality. From these preference isoclines we
can derive a preference function in relation to intensity changes in one modality (i.e.,
modality A) at two different intensity levels in the other modality (i.e., modality B). In
order to plot all of our preference functions we fixed intensity at a relatively “low” level
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of 0.5 and a relatively “high” level of 2.0. All isocline and preference function plots were
generated using SAS V 9.3. This approach allowed us to distinguish preference functions
resulting from the “back-up” hypothesis of redundant signal components and the
“multiple messages” hypothesis of non-redundant signal components (Figure 3.1).
Redundant signal components by definition contain the same information and
elicit similar receiver responses (represented in Figure 3.1A and B by similarly sized
squares as in Partan and Marler, 1999) when they are presented in isolation (Candolin
2003; Hebets and Papaj 2005; Partan and Marler 1999; Partan and Marler 2005). The
receiver response to the multimodal signal containing these redundant components can be
“enhanced,” where the receiver responds more strongly to the multimodal signal than to
either signal component alone (Figure 3.1A). Here we show an example of
“enhancemen” where the components combine additively such that preference
(represented by the larger square) is a function of the sum of signal component intensity
in both modalities; hereafter labeled A and B (Equation 3.1; Partan and Marler 1999).

Preference = f (A + B)

[Equation 3.1]

In equation 3.1 and all subsequent equations, we assume that f ( ) represents a
linear relationship between preference and the argument of the function (here A + B).
The preference isoclines should therefore reflect a linear trade-off between signaling
components (Figure 3.1A). Under this enhancement scenario, when we fix intensity in B,
the resulting preference function is a linear function of the level of intensity in A. This
illustrates the additive relationship between modalities as it relates to female preference.
Regardless of the intensity of B (i.e., high or low) note that the resulting preference
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functions have the same slope but different intercepts. For this and all subsequent
scenarios, the slope of a preference function can be derived based on the relative spacing
of the isocline lines at the two levels of B; in the “enhancement” condition the relative
spacing is the same for level 1 as it is for level 2, thus the slopes of the preference
functions are equal.
Redundant signal components can also be “equivalent” to one another; in this
scenario, if intensity levels are equal, the receiver responds in the same manner to the
multimodal signal as to either signal component alone (Hebets and Papaj 2005;
Figure 3.1B). This is depicted in our model by the isolated signal components and the
multimodal signal all depicted by the same sized square (Partan and Marler 1999).
However, if one signal component is at a relatively higher intensity level, the receiver
responds to the stronger of the two signal components irrespective of the strength of
the weaker component (Figure 3.1B). Differences in intensity level could occur due
to different propagation properties of the two signal modalities across the
environment; for example, acoustic signal components may propagate further in a
dense, wooden environment than visual signal components (Hebets and Papaj 2005;
Smith and Evans 2013).
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If intensity in A is greater than in B, preference is a function equal to the intensity
in A and vice versa. Therefore,

Preference = f [max (A, B)]

[Equation 3.2]

Thus, the resulting preference functions at the two levels of B show that preferences for
modality A do not increase until the intensity of A is greater than B; after that the
preference function is a single line (Figure 3.1B).
In contrast to redundant signals, non-redundant signal components elicit different
receiver responses when each is presented alone, often giving rise to a statistical
interaction between the intensity levels of the two components (Figure 3.1C and D).
These different receiver responses are qualitatively represented by the different shapes in
our figure (i.e., one circle, one square; Partan and Marler 1999). The most common
interaction of non-redundant signal components is when one component “modulates” the
other so that the response to the multimodal signal is either increased or decreased
compared to the response to a single component (Hebets and Papaj 2005). We illustrate
two examples of modulation in Figure 3.1: one without predominance (Figure 3.1C) and
one with predominance (Figure 3.1D). In both of these cases the signal components
combine multiplicatively such that the presence of A and B together are weighed higher
than either in isolation (Figure 3.1C and D). Modulation without predominance indicates
that both signal components in isolation are sufficient for eliciting a female response. On
the other hand, modulation with predominance indicates that one signal component alone,
but not the other, is sufficient to elicit a female response.
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In the modulation without predominance condition (Figure 3.1C), preference is a
function of the sum of intensity in each modality (i.e., A and B) plus the product of
intensity in both modalities (i.e., A x B).

Preference = f [A + B + (A * B)]

[Equation 3.3]

The resulting preference functions derived from these isoclines show an interaction
between the modalities (Figure 3.1 C) such that the slope of the preference function
should be higher at higher levels of the signal component in the alternative modality.
In the modulation with predominance condition (Figure 3.1D), a certain threshold
of A must be reached before a response is generated. This is similar to mate-choice in
female túngara frogs where the male call alone is necessary and sufficient to elicit female
phonotaxis while the presentation of the visual stimulus alone is not (Rosenthal et al.
2004). To illustrate this, we set the threshold to A = 1. Component B then strengthens this
response but the utility of the B asymptotes to zero as the level of A drops to the
threshold (designated by the dotted line, Figure 3.1D). We model this by discounting the
utility of B based on a negative exponential function of A. Preference isoclines were
generated by modifying the equation in 3.4 so that the weighing of B declines as A drops
to the threshold. We do this by multiplying signal component B by a coefficient (α) that
changes the scaling of component B.
Preference = f [A + B * α + (A*B*α)],
where α = [2 / (1 + e – [ (A -1) * x ] )] – 1

[Equation 3.4]
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For both modulation scenarios the relative spacing of the isoclines intersecting
line 1 (i.e., the low intensity level of B) is much greater than the relative spacing of
isoclines crossing line 2. This translates into the higher level of B having a steeper slope
and therefore stronger selection on this trait than the low B intensity level. Note that line
2 is steeper in Figure 3.4B compared to Figure 3.3B because the isocline lines converge
faster to the asymptote in Figure 3.4A than Figure 3.3A. Additionally, the lines generated
in the modulation with predominance condition are not linear.
In this study, we asked the question: What makes a signal attractive when we
combine different information from two modalities? We chose the brown headed cowbird
(Molothrus ater) as a model species for two reasons. First, sexual selection on the male
display is predicted to be strong in this species (Woolfenden et al. 2002). Cowbirds are
obligate brood parasites and females engage in mate-choice for partners with high genetic
quality (Rothstein et al. 1988; Yokel and Rothstein 1991; Woolfenden et al. 2002).
Courting male cowbirds often pair a song with a visual wingspread at a relatively close
distance to the female (< 1 m; Rothstein et al. 1988). Females, in turn, give a copulatory
solicitation display (CSD) to indicate their willingness to mate (West et al. 1981).
Second, the different signal components in the male cowbird multimodal display are well
characterized. Female cowbirds prefer the multimodal display more than the song
(O’Loghlen and Rothstein 2010a) or visual display presented alone (O’Loghlen and
Rothstein 2012). Female cowbirds also seem to prefer low intensity visual displays
compared to high intensity displays (O’Loghlen and Rothstein 2012). Moreover, studies
suggest that the two components of the multimodal signal are non-redundant: the song
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presented alone is sufficient to elicit a CSD, but females rarely give a CSD to a visual
display without a song (O’Loghlen and Rothstein 2012). Together, these findings
indicate that the cowbird courtship display may follow the predictions of the modulation
with predominance hypothesis of non-redundant signaling where one component
(i.e., the visual bow) strengthens the response to another component (i.e., the song; Partan
and Marler 2005).
To test this prediction, we manipulated the attractiveness (i.e., potency) of
cowbird perched song and the intensity of visual display simultaneously and measured
female preferences to audiovisual playbacks. We measured mate preference with two
behaviors: (1) CSD duration, where longer duration indicates greater preference
(O’Loghlen and Rothstein 2010a; O’Loghlen and Rothstein 2012), and (2) the latency for
each female to begin a CSD where shorter latency is a measure of greater matepreference (Wells and Schwartz 1984; Simmons 1989; Wignall et al. 2014). We tested
the predictions about preference function shape of a multimodal signal following the
framework outlined in Figure 3.1. Specifically, from the modulation with predominance
hypothesis of non-redundant signals, we predicted that (1) the slope of the preference
function should be higher at higher levels of the alternative signal component modality
and (2) preference function shapes may deviate from a linear relationship (Figure 3.1D).
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3.2 Materials and Methods
3.2.1 Animal capture and housing
All animal care and experimental procedures were approved by Purdue
University’s Animal Care and Use Committee (PACUC) Protocol # 1111000151.
Between May 2011 and April 2012, twelve male and ten female cowbirds were wildcaught in decoy traps by the USDA APHIS (Sandusky, OH); these individuals were used
in the creation of the experimental stimuli. In May 2013, forty-two female cowbirds were
captured at the same location for the mate preference experiment. Birds were banded and
individually housed at Purdue University in enclosures (64 cm x 40 cm x 64 cm) in
single-sex rooms. Birds were provided ad libitum access to mixed seed, grit, and water.
The lighting schedule followed the natural lighting conditions of West Lafayette, IN
(schedule was adjusted weekly and ranged from 14:10 light:dark in the summer to 10:14
during the winter).

3.2.2 Male visual display recordings
Additional details regarding the creation of the male video playbacks are
described elsewhere (Ronald et al. 2015). Briefly, between May – July 2012, males
(N = 12) were implanted with either testosterone or a placebo as they were to be used in
another experiment not described here. Females caught in 2012 (N = 10) were used as a
stimulus to elicit male displays. Females were implanted with estrogen in order to induce
breeding season behavior. All birds were sedated with a combination of ketamine
(40 – 60 mg/kg) and midazolam (6 – 8 mg/kg) injected into the breast muscle prior to
implantation. Implants were made by packing either 10 mm crystalline testosterone or
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estrogen (Sigma Chemical Co., St. Louis, MO) into Silastic tubing (outer diameter 1.96
mm) and sealed with Silastic adhesive. Placebo implants were made in the same way but
not filled with hormone. After sedation, the implant was placed subcutaneously in a small
incision made on the bird’s chest. Birds were then allowed to recover for 3 weeks.
During the trials males were randomly placed in an experimental enclosure
(64 cm x 40 cm x 64 cm) adjacent to an identical enclosure that contained a randomly
selected stimulus female. One side of this enclosure contained a Plexiglas window
through which a camera (HD Everio GZ-E10) recorded female-directed wingspreads at
30 fps. Trials lasted 30 minutes between 0600 – 1600 hr. Birds were allowed to rest for 2
hours in their home enclosures between subsequent trials. No birds were run more than
four times in a given day. Trials were repeated every 2 to 3 weeks for the duration of the
breeding season.
We selected one video from each of our males based on both the quality of the
video (i.e., entire bird in the camera frame, etc.) and the intensity of the visual display
(O’Loghlen and Rothstein 2010b). O’Loghlen and Rothstein (2010b) developed a
qualitative metric for measuring display intensity (i.e., extent of puffing, wingspread,
bow, wing pumping, and tail cocking); this experiment used these established display
characteristics to characterize the intensity of the display. Using Adobe Premiere
Elements we found the specific video frame that showed the beginning of the display,
maximum puffing, maximum wingspread, the deepest part of the bow, and the end of the
display. Using the “Snipping Tool” in Windows 2010 we then took a screen-shot of each
of these video frames for each of the 12 birds included in the study. Pictures were always
the same size and saved as .JPEG files. We used the “Measuring Tool” in ImageJ to
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record the number of pixels for the width of the puffing (i.e., across the widest part of the
bird’s chest), width of the wingspread (i.e., from wing tip to wing tip), depth of the bow
(i.e., from the tip of the bill to the middle of the perch), and height of the tail (i.e., tip of
the tail to the middle of the perch). Displays were ordered from lowest to highest
intensity and the top 6 were assigned as high intensity and the bottom 6 displays as
low intensity.

3.2.3 Male song recordings
Adult male cowbird songs (N = 12) were collected by D.W. and taken from a
library of songs tested over more than a decade of playback experiments to females: 6
were chosen that reliably produced CSDs (high potency songs) and 6 that rarely produced
CSDs (low potency songs). All of these songs were recorded over ten breeding seasons
from adult male cowbirds captured in Indiana and housed in mixed-sex captive flocks in
outdoor aviaries. Recordings were taken at distances less than 0.3 m away from a
Sennheiser RF condenser microphone (Sennheiser Electronic Corporation, 1 Enterprise
Drive, Old Lyme, CT, USA). All audio recordings were sampled at a rate of 44.8 kHz on
a Sony TCD-D10 PRO II DAT recorder (Sony Corporation, 550 Madison Ave., New
York, USA) and then digitally converted to 44.1 kHz files and saved as .wav files.
Procedures for measuring song potency are detailed in King et al. (2003) and
West (2006). Briefly, high potency is defined as a song that reliably produces a CSD
response within 1 second from the onset of the sound. The procedure for each playback
test was to broadcast 6 randomly selected songs to females housed in 1.3 m3 sound
attenuation chambers with one vocalization per trial and each trial separated in time by 90
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minutes, beginning around 0700 hr in May and June. Each vocalization was played 5 – 8
times to each female over the course of the experiment.
After the songs were identified as potent or not potent (i.e., degree to which they
consistently elicit female CSDs; West et al. 1981), we used the noise reduction function
in CoolEdit Pro (Version 2) to remove background noise. We then normalized the
amplitude of each exemplar to 80 percent. It is still relatively unknown what spectral
components contribute to song potency in cowbirds (but see West et al. 1979), so we
quantified the following with Sound Analysis Pro (Version 2011.104): frequency
(fundamental, mean, and peak), entropy (i.e., harshness; a measure of the amount of
randomness in a sound with harsher songs being more entropic; Ho et al. 1998;
Tchernichovski 2000), and duration of the glugs in phrase 1 (P1), the inter-glug interval,
and the final phrase (P2). We used a Praat script (“cross-correlate” in version 5.1.32;
Boersma and Weenink 2009) to generate cross-correlation values to estimate the relative
similarity between the 12 different songs. We used multidimensional scaling to plot the
relative position of each song in 2D space (see below).

3.2.4 Experimental stimuli
We chose pairs of songs, one potent and one non-potent that were close in
multidimensional scaling space, to be paired with high and low intensity visual displays
such that we had a balanced design covering the natural range of song/visual display
variation, with 3 exemplar videos representing each possible combination of song
potency and visual display intensity. Adobe Premiere Pro Software was used to (1) cut
the videos to approximately the same length (4.15 0 ± 0.22 sec), and (2) crop the videos
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so that only the bird, the background, and the perch were displayed. We added fadein/fade-out effects so that each video started and ended with a black screen. Adobe
Premiere shows the waveform of the original bird’s song so that we could align the
experimental song with the original song’s timing so discrepancies in synchrony would
be minimized.

3.2.5 Behavioral mate-preference experiments
Mate-preference trials were conducted from 0700 – 1300 hrs between June and
September 2013. Female cowbirds (N = 42) were randomly divided into 7 experimental
blocks that underwent the experiment together. On Day 1 for a given block, a blood
sample was taken from each bird for hormonal analysis. Birds were then sedated with
ketamine (40 – 60 mg/kg) and midazolam (6 – 8 mg/kg) injected into the breast muscle
and implanted with an estradiol implant (10 mm crystalline estrogen, Sigma Chemical
Co., St. Louis, MO, into Silastic tubing, outer diameter 1.96 mm). Estrogen implants
induce normal breeding behavior (e.g., CSDs) in a laboratory setting and are commonly
used in cowbirds and other avian species (Hunt and Wingfield 2004; O’Loghlen and
Rothstein 2010a; O’Loghlen and Rothstein 2012).
Females recovered for 12 days; on day 13 females began habituation trials
(O’Loghlen and Rothstein 2010a). Habituation trials were conducted from
1400 – 1700 hrs and consisted of a randomly selected female being rotated into an
experimental enclosure adjacent to a television (Sanyo LCD HD-TV, Model # DP26649).
Eight high-flicker light bulbs were used to illuminate the room (Phillips High Energy
Advantage F54t5/850/HO/EA). After 25 mins she was played a video of a related
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species, the red-winged blackbird (Agelaius phoeniceus) sitting on a perch. She was
returned to her home enclosure and another female was randomly selected. Birds were
exposed to 3 habituation trials over 3 consecutive days.
The experimental trials were run from Day 16 – Day 28. Females were put into
the experimental arena in random order and after 25 minutes one of the 12 experimental
videos was randomly chosen and played on a HD-TV connected to a Dell Latitude E6510
laptop running Windows Media Player with an HDMI cable so that playbacks could be
controlled from outside the experimental room. Additionally, a Saul Mineroff Field
Speaker (Model # SME-AFS) was attached to this laptop so that the audio could be
broadcast from a single speaker from directly behind the television. Before each trial, the
stimulus video was played in order to ensure the speaker volume was approximately 80
dB 0.3 m from the speaker (approximately the volume of a singing cowbird; Gall et al.
2012). The volume was checked with a Brüel and Kjaer 1613 Precision Sound Level
Meter. We also adjusted the width and height of the Windows Media Player screen to
center the video on the television and to ensure that the image of the cowbird was
approximately life-size (about 15 cm tall).
Four cameras recorded each trial. One (HD Everio GZ-E10) was connected via a
coax cable to a Sony solid-state video monitor (Model # PVJ-510) located outside the test
arena so that the experimenter could watch the trial in real-time. The three other cameras
offered three different views of the female: one (Samsung SMX-F40BN) was straight on,
one was a Pelikancam bullet camera (TC855) that offered a top-down view, and the last
bullet camera was focused on the TV displaying the stimulus video. These three cameras
were connected to a color quad splitter (Clover Electronics, Model #QC900), connected
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to a laptop (Asus Eee PC 1015PEM) running EZcapTV USB Video Capture Software so
that the 3 camera views could be recorded simultaneously. After the video playback we
waited 5 minutes and then the female was returned to her enclosure for 3 hours before her
next trial. Over the course of the experiment, females completed two trials per day for 12
consecutive days. Videos were chosen at random from the 12 videos with one
replacement until all 12 were played twice. On Day 29 another blood sample was taken
from each female for hormonal analysis described below.
The latency to begin a CSD and the duration of each CSD were measured using
Adobe Premiere Pro software. Following previous work (O’Loghlen and Rothstein
2010a; O’Loghlen and Rothstein 2012), CSD duration was determined as the time the
CSD posture began to when the female’s tail returned to a position parallel to the ground.
Latency to begin a CSD was calculated as the time difference between the beginning of
the stimulus presentation and the onset of a CSD. Females that did not give a CSD to a
display were coded as having a CSD duration of zero and no data were entered for CSD
latency on that particular trial. All estimates of duration and latency were coded by an
unbiased observer who was blind to the experimental treatment of the videos.

3.2.6 Hormonal analyses
Blood for hormone analyses was collected within 2 minutes of capture with a
heparinized collection tube (RAM Scientific Safe-T-Fill) and centrifuged for 5 minutes at
300 rpm so that the plasma layer could be separated from the red blood cells. Plasma was
stored in a -80°C freezer until subsequent baseline estrogen analysis. Estradiol
concentrations were measured in baseline and post-implantation plasma samples in
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collaboration with R. Stewart at Indiana University’s Center for the Integrated Study of
Animal Behavior. Samples were analyzed using commercially-obtained ELISA kits for
17-β estradiol (Enzo Life Sciences #900-008) which had been previously validated for
other passerine species (Caras et al. 2010; Gall et al. 2013). Additionally, we followed a
steroid extraction procedure (Clotfelter et al. 2004; Rosvall et al. 2013) to purify the
samples. Briefly, 20 µL of plasma was combined with 100 µL water and stored overnight
at 4°C. Samples were extracted twice in diethyl ether, evaporated under nitrogen gas, and
reconstituted in 35 µL of 100% ethanol. Following vortexing, the extract was diluted in
315µl of Assay Buffer 3 (Enzo). A preliminary analysis with male cowbird plasma and
titrated testosterone determined steroid extraction efficiency using this procedure to be
93.8 ± 4.28 (mean ± SD; n = 46 samples). Extracts were run in duplicate according to the
procedures provided with the kit and final readings were read at 405 nm on a BioTek
EPOCH plate reader. Final estradiol concentrations were calculated with data reduction
software (Gen5 by BioTek) and corrected for plasma starting volume. Serial dilution of
pooled cowbird plasma yielded a displacement curve that showed strong parallelism to
the standard curve (r2 = 0.96). Intra-assay variability was an average of 2.6% for the high
control, and 14.05% for the low control. Inter-assay variability was 16.7% for the high
control and 12.5% for the low control (n = 2 assays).

3.2.7 Statistical analyses
We explored how one modality modulates female perception of the other
modality by describing one modality in its categorical form (i.e., high or low) and the
other on a continuous scale and vice versa. These analyses allowed us to test our
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predictions regarding the shape of female preference functions (Figure 3.1). To reduce
the dimensionality of the quantitative (i.e., continuous scale) measurements for each
signal component, we ran a factor analysis using Proc FACTOR in SAS with a varimax
rotation. We also included the interactions between the factor scores used to quantify the
song, those same terms squared in order to test for patterns of non-linearity, and the
categorical visual display intensity variable. We then ran the model with the visual
display quantified using factor scores and the categorical song variable. We used linear
mixed models with Proc MIXED in SAS (Version 9.3) to analyze CSD duration and
latency. The dependent variables and estrogen concentration were log10 transformed to
normalize residuals. We specified an autoregressive covariance structure and the
Kenward-Roger method was used to calculate the degrees of freedom. Besides either
song potency or visual display intensity, other independent categorical factors included:
bird identity, experimental block, trial order (i.e., the order in which bird was placed in
the experiment on a given day), trial day, female body mass, and estrogen concentration
after implantation (nested within block). For all models, non-significant interactions were
removed based on descending F values. To clarify the interpretation of any significant
interactions, we ran additional repeated measures ANOVAs separately for either the high
or low potency songs or high or low intensity visual displays. We graphed all significant
interactions using the means and standard errors from the predicted values generated by
the mixed model. Best fit lines, including the slope and relative intercepts, were also
generated using “solutions” from the Proc MIXED models.
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3.3 Results
Forty females completed the behavioral trials, but 10 females were removed from
the dataset because (1) they never gave a CSD (N = 4), or (2) they had insufficient
plasma samples for the hormonal assay (N = 6).

3.3.1 Factor analysis of song potency and visual
display intensity
The first three factors (eigenvalues > 1) described 77 percent of the song variation
(Table 3.1). Mean frequency of glug 1 and glug 2, and the duration and entropy of glug 2,
loaded positively onto factor 1. The entropy of glug 1 loaded negatively on factor 2,
while duration of glug 1 and the inter-glug interval (IGI) loaded positively. For factor 3,
the duration and entropy of P2 loaded positively, while the mean frequency loaded
negatively. For the visual display, the first two factors explained 82 percent of the
variation (Table 3.1). The time the first wing pump began, the time the song began within
the visual display, the extent of puffing, and the width of the wing extension were all
positively loaded on factor 1; the height of the tail and the depth of the bill below the
perch as well as the overall display duration were positively loaded on factor 2. We used
a Discriminant Function Analysis (DFA) using Proc DISCRIM in SAS to ensure these
factors described song potency and visual display intensity (Appendix C).
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3.3.2 Preference functions of the multimodal signal: song properties as
a continuous variable
We first modeled the three significant dimensions of song with visual display
intensity as a categorical variable. Here, we saw that females had shorter CSD latencies
to a more intense visual display (0.20 ± 0.01 sec) than to less intense displays
(0.24 ± 0.01 sec; t486 = 6.37, P < 0.001). Additionally, females began CSDs earlier to
songs with higher glug frequency, and higher entropy and longer duration second glugs
(i.e., higher values of song factor 1; Table 3.2). The squared term of song factor 1 was
significantly related to CSD duration; generally, females gave longer CSDs to songs
higher in song factor 1 but this trend was not linear (Table 3.2). Female CSD duration
and latency were also affected by two significant interactions between song factor
2 and 3 and visual display intensity (Table 3.2). We ran separate Repeated Measures
ANOVAs for high- and low-intensity displays to further explore these interactions
(see Appendix C).
Our data suggest that females prefer lower values of song factor 2 (i.e., more
entropic glug 1, and shorter glug 1 and inter-glug intervals) when these songs are paired
with low intensity visual displays. Indeed, females gave longer CSDs (F1,316 = 3.82, P =
0.052; Figure 3.2A) and began these CSDs earlier (F1,230 = 3.94, P = 0.05; Figure 3.2B) to
this display combination. In contrast, female preferences switched in response to high
intensity displays. Females began their CSDs earlier to high intensity visual displays
paired with songs that had lower entropy first glugs, and shorter glug 1’s and inter-glug
intervals (see Figure 3.2B, F1,222 = 12.46, P < 0.001). Visual display intensity also
changed the attractiveness of song factor 3 in a non-linear fashion (Table 3.2, Figure 3.2
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C and D). Females preferred higher frequency, less entropic and shorter P2s but only
when these songs were paired with a high intensity display (F1,287 = 20.21, P < 0.001);
otherwise they preferred the opposite combination (F1,303 = 4.85, P = 0.03; Table 3.2,
Figure 3.2C). Similarly, CSD latency increased more gradually when a song high in
factor 3 was paired with a highly intense visual display (F1,236 = 10.66, P < 0.001)
compared to those paired with a low intensity visual display (F1,231 = 25.04, P < 0.001;
Figure 3.2D). This suggests that high intensity visual displays can change the preference
level of a relatively less preferred song.

3.3.3 Preference functions of the multimodal signal: visual display as
a continuous variable
The relationship between female CSD duration and visual display factor 1 was
significantly non-linear (Table 3.3); this relationship suggests that females prefer the
extremes of this factor, either relatively low or high amounts of body puffing and wingextension. Moreover, we found a significant interaction between this visual display factor
and song potency on CSD latency (Table 3.3, Figure 3.2F). Overall, females also
preferred the extremes of this trait, beginning their CSDs earlier to the relatively high or
low amounts of body puffing and wing extension (Figure 3.2F); however, these trends
also differed depending on the song potency. Females preferred higher degrees of puffing
and wing extension if the song had low potency (F1,215 = 7.47, P = 0.007) but display
factor 1 did not affect CSD latency if the song was highly potent (F1,255 = 0.95, P = 0.33;
see Appendix C). These results corroborated previous results that females place the
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greatest emphasis on the song, and preferred songs that are high potency, but that
female preferences could be modified depending on the specific characteristics of
the visual display.
Females began their CSDs earlier to longer visual display durations and deeper
bows (i.e., higher values of visual display factor 2, Table 3.3). Visual display factor 2
also significantly interacted with song potency to affect CSD duration (Table 3.3, Figure
3.2E). Females preferred high potency songs paired with visual displays with high factor
2 scores (F1,305 = 51.94, P < 0.001) but showed no preference for factor 2 (F1,299 = 2.18, P
= 0.14) when the visual displays were paired with low potency songs (Figure 3.2E; Table
3.3; Appendix C). This suggests females preferred a potent song paired with a longer
display and deeper bow compared to a shorter display and a shallower bow.
Across all of our models, trial day, experimental order, and female estrogen
concentration (within a block) were significant covariates for CSD duration and latency
(Tables 3.2 and 3.3). Females started CSDs earlier and gave longer CSDs at the
beginning of the day (i.e., experimental order) and at the beginning of the experiment
(i.e., trial day; Tables 3.2 and 3.3). Estrogen concentrations were typically (in 5 of 7
blocks) positively related with CSD duration and negatively related to the latency to
begin a CSD. Female body mass positively influenced CSD duration and experimental
block was also significantly related to CSD duration (Tables 3.2 and 3.3).
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3.4 Discussion
We found that the intensity of a visual display can modify how attractive a song is
for females. In principle, this finding supports our prediction that the visual and acoustic
signal components are non-redundant and modulate each other in this species (Candolin
2003; Hebets and Papaj 2005; Partan and Marler 2005). In addition, we found that female
preference functions can deviate from linearity. These findings, in combination with past
work (O’Loghlen and Rothstein 2010a; O’Loghlen and Rothstein 2012), suggest that
cowbird sexual signals follow the modulation with predominance hypothesis. However,
in our analysis of the shape of preference functions, we also found for the first time that
the attractiveness of a visual display and song depends on the quality of the song or visual
display that it is paired with. These results are contrary to an implicit assumption in the
current hypotheses of inter-signal interactions and the models tested here: that the
attractiveness ranking of a signal component can be defined independently of the other
signaling modality.
Our analysis of female preference function shape shows that female preferences
for visual display intensity or song potency can actually switch depending on the
alternative signaling trait one is examining. To our knowledge, this is the first study that
shows a switch in the direction of female preference functions in a multimodal context.
Indeed, we found that females preferred high potency songs paired with longer, deeper
bows, but preferred lower potency songs if these songs were combined with shorter,
shallower bows. However, when we examined a different feature of visual display
intensity (i.e., higher degrees of puffing and wing extension), females preferred these
more intense displays with a lower potency song while this visual display factor did not
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affect preference if the song was highly potent. Interestingly, the fact that in some
conditions females preferred more intense visual displays goes against previous work in
cowbirds (O’Loghlen and Rothstein 2012). This discrepancy may be explained by the
fact that we only used female-directed visual displays (of high and low intensity) in the
creation of the experimental videos, but previous work (O’Loghlen and Rothstein 2012)
used both male-directed (high intensity) and female-directed (low intensity) visual
displays. Perhaps female cowbirds are able to distinguish between male- and femaledirected displays independent of the measured intensity of those displays. Overall, these
data show that different characteristics of display intensity (amount of
wingspread/puffing versus depth of the bow) affected the attractiveness of songs in
different ways. This highlights the importance of decomposing a complex multimodal
signal to understand how different features can influence female preferences and
subsequent selection on mate traits.
This “switching” of mate preferences is reminiscent of mate-choice in female
túngara frogs where unattractive signal components (i.e., temporally displaced vocal sac
inflation and “whine-chuck” vocalization) generated by a frog robot combined in such a
way that the components were “perceptually rescued” to create an attractive multimodal
signal (Taylor and Ryan 2013). The Taylor and Ryan (2013) study is inherently different
from ours, however, because (1) the multimodal combination of signals the authors used
would not be found in nature as vocal sac inflation is “fixed” to the acoustic signal
(Higham and Hebets 2013), and (2) the attractiveness of the signal was manipulated by
changing the relative timing of the signaling components rather than changing the quality
of the signal within a single modality independent of the other modality. Together,

118
however, our findings challenge the way we should think about the honesty of complex
signals as signal component values may not combine additively or even multiplicatively,
but rather interact in such a way as to change the relative attractiveness of the entire
multimodal signal. This raises a very important question for future research: are signaling
quality and honesty correlated across separate sensory modalities?
Evidence in cowbirds suggests that the song and visual display co-evolved via a
mechanical trade-off between the two signaling components such that the most intense
portions of the visual display occur during the silent portions of the song (Cooper and
Goller 2004). However, this is not to say that cowbirds have fixed multimodal signals.
Males have multiple perched songs that can vary in potency (West et al. 1981) and males
can decide when to use their potent songs to reduce the degree of intrasexual aggression
they experience (West and King 1980). Moreover, cowbird visual displays are also highly
variable in their degree of intensity (O’Loghlen and Rothstein 2010b; O’Loghlen and
Rothstein 2012). This variability in signaling, along with our findings on flexible female
preferences, suggests that cowbird sexual signals may not be under directional selection
as previously suggested (O’Loghlen and Rothstein 2012). Rather, selection may favor
males that possess a range of different songs and visual displays that can be used
strategically during different social contexts (Freeberg et al. 2012; White et al. 2012).
Social and habitat structure are expected to vary across different populations; this may
then contribute to differential signal use and the possible formation of dialects within a
species. Interestingly, cowbirds are a well-known example of a species with dialects
across their native range (Rothstein et al. 1986).
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Much of this flexibility in male signals and preferences may have evolved in
order to communicate with a variety of different receivers, males and females alike,
which make up the complex social network of this species (Rothstein et al. 1986; White
et al. 2012). This is perhaps more evidence supporting the social-complexity hypothesis
where males are selected for their ability to respond appropriately in different social
conditions rather than the overall quality of their signals per se (Freeberg et al. 2012;
White et al. 2012). Indeed, White et al. (2012) found that cowbirds in static versus
dynamic social conditions had different relationships between signal use and reproductive
success. Males in static groups had a predictable strategy: those who invested more in
singing behavior also achieved high reproductive success. In contrast, males in dynamic
social groups did not adapt a particular courtship strategy to attract females (White et al.
2012). Overall, the attractiveness of a multimodal signal may be social-context specific.
Dynamic signals like the cowbird display where the sender has immediate control
over the signal are expected to evolve in scenarios where information is changing
quickly, while multiple static signals are more likely to evolve when redundant
information is needed across different contexts (Bro-Jorgensen 2010). A recent study on
four species of Sceloporus lizards proposed that variable predation pressure resulted in an
evolutionary shift in the use of a static color display towards the use of a dynamic
motion-based head-bob display (Martins et al. 2015). Nevertheless, it is still unknown
whether non-redundant multimodal signals are more likely to be comprised of dynamic
rather than static components. Determining whether this is the case may help researchers
identify which systems are more likely to have inter-signal interactions and potential
switches in the strength and direction of female preferences.
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We show here that changes in female preference function shape through
modulation of one signal component by another can alter the strength of selection acting
on both components of the male multimodal signal. This suggests that there are
thresholds in signal production and attractiveness below and above which females use
alternative signaling modalities in order to make their mate-choice decisions. Identifying
these thresholds in non-redundant multimodal signals will allow us to predict which
signaling modality contains the most reliable information on mate quality to the receiver.
This will be an important step forward towards one of the biggest challenges in signal
evolution studies: identifying the components of a complex signal that are under the
strongest selection (Girard et al. 2015; Wilkins et al. 2015).
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Table 3.1 Three dimensions significantly explained variation in cowbird song; two
dimensions explained variation in the cowbird visual displays. Values here show the
magnitude and direction for how each measured variable loaded onto the different
dimensions. Bolded values show the dimensions with the highest loading scores.
Signal

Song

Visual
Display

Signal Property

Measure

Factor 1 Factor 2 Factor 3

Glug 1

Duration

0.09

0.84

-0.02

Glug 1

Mean Frequency

0.72

-0.13

-0.22

Glug 1

Entropy

0.29

-0.65

0.46

Inter-glug Interval

Duration

0.05

0.94

0.07

Glug 2

Duration

0.78

0.14

0.05

Glug 2

Mean Frequency

0.74

0.41

-0.35

Glug 2

Entropy

0.86

-0.21

0.11

P2

Duration

0.14

-0.10

0.87

P2

Mean Frequency

0.33

0.14

-0.92

P2

Entropy

-0.21

0.50

0.70

Body Puffing

Width

0.93

-0.15

Wing Extension

Width

0.75

0.28

Song Begins

Time

0.91

0.30

First Wing Pump Begins

Time

0.92

0.18

Total Display

Duration

0.42

0.69

Tail Height

Height above perch

0.11

0.91

Bill Depth

Depth below perch

-0.01

-0.97

F 1,592 = 22.29, P < 0.001
F 1,597 = 11.73, P < 0.001
F 1,599 = 24.48, P < 0.001
F1,633 = 1.59, P = 0.21
F 6,133 = 4.26, P < 0.001
F 1,168 = 27.34, P < 0.001
F 1,165 = 24.42, P < 0.001
F 1,435 = 43.07, P < 0.001
F 7,132 = 4.82, P < 0.001

Song factor 2*visual intensity

Song factor 3*visual intensity

Visual intensity

Experimental block

Trial day

Female mass

Experimental order

Log estrogen(block)

F 1,599 = 3.75, P = 0.05

F1,616 = 0.01, P = 0.92

F 1,623 = 12.92, P < 0.001

F 1,606 = 7.42, P = 0.007

Log CSD Duration

Song factor 3*song factor 3

P2 frequency (-), entropy, duration

Song factor 3

IGI duration

G1 entropy (-) and duration

Song factor 2

Song factor 1*Song factor 1

G2 frequency, entropy, duration

G1 frequency

Song factor 1

Effect

-0.01 ± 0.002

0.02 ± 0.005

-0.02 ± 0.004

LI = 0.09 ± 0.04

HI = -0.13 ± 0.02

LI = -0.04 ± 0.03

HI = 0.05 ± 0.03

0.08 ± 0.02

-0.13 ± 0.02

0.05 ± 0.03

0.045 ± 0.01

0.03 ± 0.01

Slope (β)

F 7,128 = 3.40, P = 0.002

F 1,323 = 14.24, P < 0.001

F1,132 = 0.09, P = 0.76

F 1,140 = 4.68, P = 0.03

F6,131 = 1.84, P = 0.10

F 1,485 = 43.89, P < 0.001

F 1,467 = 6.38, P = 0.01

F 1,442 = 9.29, P = 0.002

-

F 1,465 = 36.12, P < 0.001

F1,466 = 0.09, P = 0.77

-

F 1,449 = 16.82, P < 0.001

Log CSD Latency

0.003 ± 0.0008

0.0005 ± 0.001

0.002 ± 0.001

LI = 0.03 ± 0.008

HI = 0.012 ± 0.004

LI = 0.01 ± 0.009

HI = -0.01 ± 0.007

-

0.01 ± 0.004

-0.01 ± 0.008

-

-0.01 ± 0.003

Slope (β)

Table 3.2 Statistical model of female mate choice using categorical descriptors of the male visual display and continuous
descriptors of the song. Bolded values indicate statistical significance.

122

F 1,170 = 29.44, P < 0.001
F 1,168 = 24.25, P < 0.001
F 1,433 = 40.9, P < 0.001
F 7,136 = 4.91, P < 0.001

Trial day

Female mass

Experimental order

Log estrogen(block)

-

Visual display 1*song potency
F 6,136 = 4.32, P < 0.001

F 1,593 = 43.12, P < 0.001

Visual display 2*song potency

Experimental block

F1,599 = 0.18, P = 0.66

F 1,634 = 34.1, P < 0.001

F 1,617 = 16.42, P < 0.001

F1,603 = 0.1, P = 0.75

Log CSD Duration

Song potency

Display duration, bow depth

Visual display factor 2

Visual display factor1*Visual
display factor1

Body ‘puffing’, wing extension,
song and wing pump beginning

Visual display factor 1

Effect

-0.01 ± 0.002

0.02 ± 0.005

-0.02 ± 0.004

-

LP: -0.006 ± 0.02

HP: 0.12 ± 0.02

0.12 ± 0.02

0.04 ± 0.009

-0.003 ± 0.01

Slope (β)

F 7,130 = 3.44, P = 0.002

F 1,325 = 14.49, P < 0.001

F1,136 = 0.14, P = 0.71

F 1,144 = 4.2, P = 0.04

F6,133 = 1.85, P = 0.10

F 1,473 = 8.83, P = 0.003

-

F1,471 = 1.6, P = 0.21

F 1,486 = 34.48, P < 0.001

F 1,465 = 8.48, P = 0.004

F1,459 = 3.52, P = 0.06

Log CSD Latency

0.003 ± 0.0008

0.002 ± 0.001

LP: -0.02 ± 0.008

HP: 0.003 ± 0.004

-

-0.02 ± 0.003

-0.010 ± 0.003

0.003 ± 0.004

Slope (β)

Table 3.3 Statistical model of female mate choice using categorical descriptors of the male song and continuous descriptors
of the visual display. Bolded values indicate statistical significance.

123

124

Figure 3.1 Preference functions for one signal component can be modified by different
levels of a second signal component in a different modality in both redundant (A, B) and
non-redundant (C, D) multimodal contexts. Female preference isoclines are generated by
plotting changes in intensity for signal components A and B. We plot 4 isoclines although
they represent an infinite series. From these isoclines we can then derive a preference
function in relation to changes in one modality (A) at different intensity levels (1-low, 2high) in the other modality (B). See text for equations used to generate the functions.
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Figure 3.2 Interactions between song factor 2 and visual display intensity on CSD
duration (A) and CSD latency (B), song factor 3 and display intensity on CSD duration
(C) and CSD latency (D), and between visual display factor 2 and song potency on CSD
duration (E) and visual display factor 1 and song potency on CSD latency (F). Dashed
lines are the predicted functions for low intensity or low potency displays; solid lines are
the predicted functions for high intensity or high potency displays. Functions were
generated from the solution for fixed effects in Proc MIXED. Standard error bars were
generated from the predicted values of the dependent variable.
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CHAPTER 4. THE SENSORY SUBSTRATE OF MULTIMODAL
ANIMAL COMMUNICATION: ARE FEMALES SENSORY
“SPECIALISTS” OR “GENERALISTS”?

4.1 Introduction
Many animal courtship signals combine information across several sensory
modalities (Higham and Hebets 2013; Candolin 2003; Partan and Marler 1999; Hebets
and Papaj 2005). The receiver sensory system is expected to detect and filter the relevant
multimodal signal content in the peripheral sensory system, process it in the central
nervous system, and respond in a behaviorally relevant manner. Sensory filtering is thus
the first step to determine which multimodal signal content is selected for making mating
decisions. However, we know relatively little about how receivers filter signal content
both within and across sensory modalities (Ronald et al. 2012). This gap is particularly
important because signal content across sensory modalities may combine to influence
perception, and ultimately mate choice and reproductive success (Reichert and Hobel
2015; Taylor et al. 2011; Taylor et al. 2013; Strange et al. 2016).
Sensory filtering is an energetically-demanding process (Phelps 2007; Dangles et
al. 2009), and consequently the investment in sensory systems may vary between
individuals. Indeed, there is increasing evidence that individual variation in sensory
processing is common and may result from differences in developmental factors or
current condition (reviewed in Ronald et al. 2012). These between-individual differences
could result in females filtering multimodal signals in different ways. For example,
females that process bimodal signals (e.g., visual and acoustic) could have high sensory
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filtering capacities in one sensory dimension but low in the other (here called “sensory
specialists”), high sensory filtering capacities in both sensory dimensions (here called
“sensory generalists”), or sensory filtering capacities in different sensory dimensions that
are not related. Therefore, a first step towards an understanding of multimodal sensory
filtering is to establish the degree of association (i.e., correlation) between sensory traits
in different modalities across receivers. To date, most of the empirical evidence on
associations between sensory traits in different modalities is quite limited, coming from
humans, and is focused primarily on the pathological causes of changes in perception
(Humes et al. 2009).
Sensory specialists resolve information better in one modality over the other. This
could be the outcome of compensatory plasticity, whereby animals compensate for
developmental deficits in a specific modality by redirecting energy to develop alternative
sensory modalities (Rauschecker and Kniepert 1994; Lessard et al. 1998; Merabet and
Pascual-Leone 2010). This compensatory plasticity will lead to a trade-off between
sensory traits in different sensory modalities (i.e., negative relationship). For example,
human patients born blind have superior auditory (Lessard et al. 1998; Collignon et al.
2007) and tactile (Alary et al. 2009; Sathian and Stilla 2010) abilities.
Sensory generalists should be able to resolve information equally well across
multiple modalities. This could be the outcome of factors (e.g., body condition, age,
hormone levels, etc.; Knott et al. 2010; Baur et al. 2009; Eisner et al. 2004) that lead to an
increase in sensory filtering capacities between different modalities simultaneously (i.e.,
a positive relationship). For example, when individuals with a hereditary condition called
synesthesia perceive signals in one modality, perception in another modality is
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spontaneously evoked (i.e., sounds evoking colors) because of excess neural connections
between modalities (Brang and Ramachandran 2011).
Finally, sensory filtering capacity may not be correlated across sensory
modalities, and how females filter multimodal information may be done independently
across sensory modes. Two scenarios may generate a non-significant relationship
between modalities. First, females may not vary from one another in terms of their
sensory filtering across multiple modalities. This assumption has been previously made in
the literature: that all receivers detect, filter, and process signals in the same way (Ronald
et al. 2012). The other possibility is that females do vary in their sensory filtering
capacities, but this variation is random across modalities.
Our goal was to examine the relationship between visual and auditory sensory
filtering capacity in brown-headed cowbird (Molothrus ater) females to test whether they
are sensory specialists, generalists, or whether no relationship exists between the
modalities. Female cowbirds process audiovisual multimodal signals: male courtship
displays are comprised of a song paired with a visual wingspread (West et al. 1981;
O’Loghlen and Rothstein 2010a). The song itself contains a large range of frequencies,
from 200 Hz to 11,000 Hz—one of the largest of any songbird (Greenwalt 1968). The
visual display begins with body puffing and then continues with the most intense portions
(e.g., the wing spread and pumps) during the quieter portions of the song (Cooper and
Goller 2004). The synchronization of the auditory and visual components of the male
signals suggests that the females may tune to both visual and auditory cues
simultaneously. Cowbirds are an excellent model system because of previous knowledge
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on both auditory and visual sensory capacities (Dolan and Fernández-Juricic 2010; Gall
and Lucas 2010; Gall et al. 2011; Gall et al. 2012; Fernández-Juricic et al. 2013).
We characterized two visual and three auditory sensory traits: visual spatial
resolution (i.e., ability to resolve between two points in space; Williams and Coletta
1987; Pettigrew et al. 1988), visual temporal resolution (i.e., ability to detect temporal
changes in a visual signal; Meyer 1977), auditory sensitivity (i.e., ability to resolve low
intensity sounds and vocalizations; Konishi 1970; Dooling et al. 1978), auditory tone
processing (i.e., operationally defined here as the strength of the neural response to a
particular frequency; Moore 1993), and auditory temporal resolution (i.e., ability to
distinguish temporally modulated acoustic signals; Viemeister and Plack 1993). These
five traits can generally be broken up into two functional categories. The first relates to
detection of some of the dynamic elements of a signal including visual temporal
resolution and auditory temporal resolution. In cowbirds, visual temporal resolution can
function to detect spatial movement in the wingspread, and auditory temporal resolution
can function to detect spectral changes, such as those in the second phrase of the song.
The second functional category relates to detection of more static elements of a signal
including visual spatial resolution, auditory tone processing and auditory sensitivity.
Visual spatial resolution could enable a bird to measure details of the extent of the
wingspread (i.e., the width of the wings from the body, or the degree of body feather
puffing). Auditory tone processing would help a female hear out tones in first or second
phrases of the song, and auditory sensitivity would help females process low intensity
parts of the song.
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We investigated the relationship between three pairs of visual vs. auditory sensory
filtering capacities. The comparisons between auditory and visual properties were done
within functional category. Thus, we tested for a relationship between visual temporal
resolution vs. auditory temporal resolution; this evaluates the relationship between our
dynamic traits. We also tested for a relationship between visual spatial resolution vs.
auditory sensitivity, and between visual spatial resolution vs. auditory tone processing.
Each of these tests included static traits.
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4.2 Materials and Methods
4.2.1 Animal capture and housing
Purdue University Animal Care and Use Committee (PACUC) approved all
animal care and experimental procedures (protocol # 1111000151). Thirty female
cowbirds were wild-caught in decoy traps by the USDA APHIS (Sandusky, OH) in May
2013. All birds had their wingchord measured and were weighed and banded. They were
housed in individual enclosures (64 cm x 40 cm x 64 cm) in the same room. Birds were
provided ad libitum access to mixed seed, grit, and vitamin-treated water. The lighting
schedule was adjusted weekly and followed the natural lighting conditions of West
Lafayette, IN (i.e., from 14:10 light:dark in the summer to 10:14 during the winter).
Prior to measuring the sensory traits, subjects were used in a mate-choice
experiment described elsewhere (see Chapter 3), which included implanting them with an
estradiol implant (10 mm crystalline estrogen, Sigma Chemical Co., St. Louis, MO, into
Silastic tubing, outer diameter 1.96 mm) to induce normal breeding behavior (e.g., Hunt
and Wingfield 2004). Females were randomly divided into 7 experimental blocks that
underwent the experiment together. Prior to estrogen implantation, females were sedated
with ketamine (40 – 60 mg/kg) and midazolam (6 – 8 mg/kg) injected into the breast
muscle. Twenty-nine days after implantation, females within a block had a blood sample
taken via puncture of the left alar wing vein for later hormonal analysis (see below).
Blood was collected within 2 minutes of capture with a heparinized collection tube
(RAM Scientific Safe-T-Fill) and centrifuged for 5 minutes at 300 rpm so that the plasma
layer could be separated from the red blood cells. Plasma was stored in a -80°C freezer
until subsequent analysis. Directly following blood collection, females were sedated as
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above and then auditory capacity was assessed via auditory evoked potentials (AEPs).
Females recovered in their home enclosures following AEPs for a range of 2 – 7 days
before assessment of the visual evoked potentials and extraction of the eyes to measure
cone densities.

4.2.2 Auditory evoked potentials
We used Auditory Evoked Potentials (AEPs) to measure auditory sensitivity,
auditory tone processing, and auditory temporal resolution. AEPs are changes in
electrical voltage that occur when the auditory nerve and brain-stem nuclei respond to an
auditory stimulus. These voltage changes can be recorded non-lethally from the scalp
(Hall 2007). We specifically investigated the auditory brainstem response (ABRs), which
are responses to the onset of an auditory stimulus (Hall 2007). Stimulus presentation,
ABR acquisition, and data storage were coordinated by a TDT system II modular rackmount system. Acoustic stimuli were created in SigGen32 on a computer with an AP2
sound processing card. Stimuli were converted from digital to analog signals with a TDT
DA1, equalized across frequencies with a 31 band equalizer (Behringer Ultragraph model
FBQ6200, Bothell, WA, USA), and then amplified with a Crown D75 amplifier prior to
being presented to the subject.
Sedated birds were placed with their right ear facing upwards on a microwaveable
heating pad in the center of an anechoic sound chamber (1.2 x 1.2 x 1.4 m) lined with 7.7
cm Sonex acoustic foam (Acoustic Solutions, Richmond, VA, USA). A temperature
probe placed beside the bird allowed us to maintain the bird’s external temperature
between 39 ± 2 degrees. Acoustic stimuli were presented from a magnetically shielded
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speaker (RCA Model 40-5000, RadioShack, Fort Worth, TX, USA; 140–20,000Hz
frequency response) 30 cm above the bird’s head. We placed three needle electrodes just
below the skin to record the auditory brainstem response (ABR): (1) a positive electrode
was placed at the vertex of the skull, (2) a negative electrode was placed in the mastoid
just below the right ear, and (3) a ground electrode was placed at the nape of the neck.
These electrode leads were connected to a Tucker Davis Technologies (TDT; Alachua,
FL, USA) headstage (HS4) and subsequently passed through a biological amplifier (TDT
DB4). The neural responses were then bandpass filtered from 0.3 to 10 kHz, notch
filtered at 60 Hz, and amplified 200,000 times. The analog signals were then digitized
(TDT AD2) and conducted to a Dell PC running TDT BioSig32 in an adjacent room. We
periodically played a broadband click (100 µs) to ensure that the amplitude and latency of
the ABR response was not affected by changes in sedation level. Some individuals started
awakening before we could complete all experiments, so we detail the number of
individuals that underwent each experimental protocol in each section below.

Auditory sensitivity
Two proxies of auditory sensitivity were assessed by determining each female’s
(1) minimum frequency-dependent auditory threshold (i.e., the lowest intensity level that
still elicits an ABR to a specific tone), and (2) a perithreshold intensity discrimination
function slope, which is the ABR amplitude as a function of tone intensity for tones
within 32 dB of the threshold (N = 30). Here, lower auditory thresholds indicate higher
auditory sensitivity (Hall 2007) and greater perithreshold slopes indicate greater auditory
intensity discrimination. We presented females with 8 ms tones with a 1 ms cos2
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onset/offset ramp at 3 different frequencies (1, 2, and 3 kHz), which represent their
maximally sensitive frequency range (Gall et al. 2011). We presented each tone in order
from lowest to highest frequency and at 72 dB SPL to 8 dB in 8 dB steps. Stimuli were
presented using a 270º phase at a rate of 31.1 stimuli per second. Reponses were sampled
at 40 kHz for 12 ms beginning 1.2 ms prior to the sound arriving at the ear (Gall et al.
2011). These responses were averaged across 400 stimulus presentations.
Auditory thresholds for each frequency were determined using the cross-product
technique (Cone-Wesson et al. 1997; Supin et al. 2001) following Gall et al. (2011) and
Henry and Lucas (2008, 2009, 2010a). Briefly, at each frequency, this technique uses the
ABR response to the highest-intensity level stimulus (72 dB SPL) as a template for a
cross correlation analysis between the template and the ABR responses at all other
intensity levels. We used PRATT (v.5.0.33; Boersma and Weenink 2008) to perform all
cross-correlation analyses. The cross-correlation products generated from these analyses
and stimulus intensity are expected to be related in a linear pattern so that we can find the
intercept of this function and physiological background (Henry and Lucas 2008; Gall et
al. 2011). The intercept provides an estimate of the auditory threshold at each frequency
tested (Gall et al. 2011). From these threshold estimates we selected each female’s
minimum threshold value (independent of frequency) to serve as a measure of sensitivity.
We generated the intensity discrimination function (i.e., the relationship between
ABR amplitude and stimulus intensity near the perithreshold), using PRATT to measure
the amplitude of our ABR responses across all intensity levels for each frequency tested.
We measured the amplitude from the first positive peak to the first negative peak,
following previous studies (Henry and Lucas 2008; Gall et al. 2011). At each frequency
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tested, we examined the slope of the function between ABR amplitude and the four
intensity levels closest to the threshold (within about 32 dB SPL of threshold). Higher
slopes may indicate greater intensity discrimination and potentially denser innervation of
the inner hair cells (McAlpine et al. 1997). Therefore, we use higher slopes to serve as a
proxy of higher sensitivity.

Auditory tone processing
We operationally defined auditory tone processing through two different proxies:
ABR amplitudes at suprathreshold intensity levels (i.e., 72 dB SPL) for 1, 2, 3 kHz (N =
30), and the width of the auditory filter (N = 30). We measured ABR amplitudes with
PRAAT as described above. Our data show significant positive correlations (r2 > 0.56,
N = 14) between our measures of suprathreshold amplitudes and the amplitude of the
frequency following response (i.e., a measure of phase locking to the frequency of a
sound; Hall 2007; Ronald et al. unpublished data), suggesting that suprathreshold
amplitude is an index of how strongly the auditory system responds to a tone in
this species.
Auditory filters play an important role in determining the importance of acoustic
frequency and temporal features (Gall et al. 2013), because their physical properties
mediate a trade-off between auditory frequency resolution and temporal resolution
(Moore 1993; Viemeister and Plack 1993). Narrow auditory filters integrate a signal over
a long time provide enhanced frequency resolution, but temporal information can be lost
during this integration period (Moore 1993; Viemeister and Plack 1993). The width of the
auditory filter, among other filter properties, determines the length of this integration
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time—narrower auditory filters tend to have longer integration times and thus favor
frequency resolution, while wider auditory filters tend to have shorter integration times
and greater temporal resolution (Gall et al. 2013).
We used a notched-noise masking protocol (Patterson 1976; Patterson et al. 1982)
to determine the width of the auditory filters following Gall and Lucas (2010; also see
Henry et al. 2011; Gall et al. 2013). Stimuli for this protocol were 8-ms tone-bursts with
2-ms cos2 gating in alternating phases (90º and 270º) at 2 and 3 kHz. We varied the
intensity of the stimulus from 16 to 72 dB in 8 dB steps for each frequency-notch width
combination. Following previous protocols (Gall et al. 2013), we presented these tones in
frequency notched white noise (spectrum level = 15.3 ± 2 dB re: 20 µPa2 outside of the
spectral notch) created by two waveform generators (TDT WG1) and filters (TDT PF1,
roll-off 156 dB octave -1). Thresholds were estimated at five normalized notch widths
(half of the notch bandwidth divided by the center frequency) ranging from 0 to 0.4 at
each center frequency (Gall and Lucas 2010).
The notched noise procedure determines filter width from the functions of
threshold by notch width. Generally, the threshold should decrease as notch width
increases because the signal to noise ratio in the filter increases. This masked threshold
(Ps) for determining auditory filter shape can be expressed as:
∞

𝑃𝑠 = 𝐾 ∫0 𝑁 (𝑓)𝑊(𝑓)𝑑𝑓

[Equation 4.1]

where K is the signal to noise ratio necessary to evoke a response, N(f) is the average
power spectrum of the noise measured from the stimulus, and W(f) is a weighting
function. We solved for W(f) and K using an iterative Gauss-Newton polynomial fitting
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procedure in SAS (Proc NLIN; v. 9.3). W(f) was modelled as a two parameter rounded
exponential model [roex(p, r)] (Patterson et al. 1982), where p is the slope of the auditory
filter near center frequency, and r modifies the filter’s dynamic range (Moore 1993). The
weight of the filter thus becomes:
𝑊(𝑔) = (1 − 𝑟)(1 + 𝑝𝑔)𝑒 −𝑝𝑔 + 𝑟

[Equation 4.2]

where g is the normalized width of the silent spectral notch in the masking noise. When
we combine these two equations, the ABR masked threshold equation becomes:

𝑃𝑠 (𝑛𝑤)′ = 𝐾 ′ + 10 ∗ log 10 ∑𝑁
𝑖=1

𝑃𝑆𝐷𝑛𝑤(𝑖) 𝑥 ∫𝑖 𝑟𝑜𝑒𝑥(𝑝,𝑟)
4 𝑥 10−10

[Equation 4.3]

where nw is the width of the silent spectral notch and K’ is the efficiency constant in
decibels (10 x log10K). N is the number of 25 Hz bins in the largest notch width,
PSDnw(i) is the power spectral density of the noise divided into each bin, each of which
is multiplied by filter weight:
∫𝑖 𝑟𝑜𝑒𝑥(𝑝, 𝑟) = −(1 − 𝑟)𝑝−1 (2 + 𝑝𝑎)𝑒 −𝑝𝑎
+(1 − 𝑟)𝑝−1 (2 + 𝑝𝑏)𝑒 −𝑝𝑏 + 𝑟(𝑎 − 𝑏)

[Equation 4.4]

where a and b are the upper and lower frequency limits of each bin, respectively. We
calculated the equivalent rectangular bandwidth (ERB), which describes a rectangle the
same size and height as an auditory filter. We used the formula ERB = 4/p * center
frequency to find the auditory filter size in Hz. We then averaged the filter size across the
center frequencies we examined to obtain a single value of auditory filter size.
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Auditory temporal resolution
We estimated auditory temporal resolution using both the auditory filter size (N =
30) and the slope of the recovery line from a double-pip protocol (N = 26; Henry et al.
2011). As described above, auditory filter size mediates a trade-off between frequency
and temporal resolution and can therefore serve as an index of both parameters. In paired
pip experiments, AEPs are recorded in response to two tone pips separated by a short
time interval (Henry et al. 2011; Gall et al. 2012); with large time intervals the amplitude
of the ABRs generated by the tone pips are expected to be generally the same. However,
as the interval between the two stimuli is reduced, the auditory system fails to recover
quickly enough after the second pip to generate a normal ABR. Thus, most studies
investigate the amplitude of the ABR generated by the second pip as a function of interclick interval (Henry et al. 2011; Gall et al. 2012).
We followed a previously established procedure for measuring ABR recovery to
paired-pips (Henry et al. 2011), which has been used to assess temporal resolution in
cowbirds (Gall et al. 2012). Briefly, the stimuli included both paired clicks and single
clicks. These clicks were generated by applying a 0.25 ms Blackman onset and offset
ramps to a 0.67 ms 3 kHz sinusoid with an amplitude of 60 dB (Henry et al. 2011). Paired
click stimuli included two clicks, with the second click occurring after an inter-click
interval of 25, 10, 7, 5, 4, 3, 2, 1,5, 1.0, or 0.7 ms (tested in decreasing order). At short
inter-click intervals (< 3 ms), the ABRs to both clicks overlapped one another. We used
point-to-point subtraction to isolate the ABR of the second click by subtracting the
response to the single click from the average response to the double click. We then found
the slope of the function between inter-click interval and ABR recover (i.e., amplitude of

145
the response to the second click divided by the amplitude of the response to the single
click times 100). Here, steeper (i.e., higher) slopes indicate faster ABR recovery and
greater temporal resolution.

4.2.3 Visual evoked potential
We measured temporal visual resolution with the use of visual evoked potentials:
changes in voltage that occur when the retina and optic nerve respond to a light. We
recorded these voltage changes non-lethally via sub-dermal electrodes. We estimated the
flicker fusion frequency (FFF) for each individual. The FFF is the threshold frequency of
light at which a pulsing stimulus is perceived as a continuous, steady beam (Lisney et al.
2012). Higher FFF values indicate higher visual temporal resolution.
Birds (N = 30) were measured between experiment day 31 and 38 within a block
(one individual per day with trials starting at 0700 hr), after recovering from the AEP
experiments. Cowbirds were sedated with an intramuscular injection of ketamine (50
mg/kg) and xylazine (50 mg/kg) and then the left eye was held open with a Barraquer eye
speculum (Arivet Inc, Utah, USA). Birds were positioned in a custom foam cradle on top
of a microwaveable heating pad so that the head and beak were stabilized and body
temperature could be maintained at 39 ± 2º C. Throughout the experiment, we applied a
1% carboxymethylcellulose solution (Refresh Tears Lubricant Eye Drops) to the left eye
to keep the eye moist and aid in electrical conductivity.
We used a custom built stroboscope (Dr. Ellis Loew, Cornell University, Ithaca,
NY) to record the visual evoked potentials. White light stimuli were generated with a
high-power xenon light (Monarch Instruments 6206-010) fitted with a trigger and dial,
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which allowed us to change the light pulse frequency (i.e., the length of time between
pulses). We tested five different frequencies per bird: from 80 Hz to 100 Hz in 5 Hz
increments. Previous research has shown that stroboscopes have successfully been used
to record visual evoked potentials (Biel et al. 1999; Tanimoto et al. 2014). Birds were
positioned within 12 cm of the light source, and the left eye was fully illuminated by the
stroboscope. We maintained our stimulus light intensity at 455,014 cd m-2. We used a
background light of 82, 166 cd m-2 (Ludl Electronic Products, serial # 41544, Hawthorne
NY, USA). Stimulus light intensity measurements were done with a spectrometer (Jaz
Spectrometer, Jaz-A-IRRAD application, Ocean Optics, Inc., Dunedin, Florida USA).
Background light intensity measurements were collected via a LX1330B Digital
Illuminance meter.
Visual evoked potentials were recorded from the bird with three electrodes: (1) a
subdermal, positive electrode was placed at the vertex of the skull, (2) a gold-wire,
negative electrode was placed gently resting on the cornea, and (3) a subdermal, ground
electrode was placed at the nape of the neck. The electrode leads were connected to a
biological amplifier (Grass EEG Amplifier, Natus Medical Incorporated, CA, USA). The
neural responses were bandpass filtered from 3 to 1,000 Hz, notch filtered at 60 Hz, and
amplified x 100. The analog signals were then digitized at a sampling rate of 48,000 Hz
using a data acquisition program (Daqarta; Data AcQuisition And Real-Time Analysis;
www.daqarta.com) running on a Dell Latitude D610 laptop computer. We collected data
over 40 ms and averaged the responses over 300 data collections. A response from each
frequency (i.e., 80, 85, 90, 95, 100 Hz) was collected twice and subsequently averaged.
Following a previous study (Lisney et al. 2012), we also recorded the background noise
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amplitude to analyze the response amplitude over the noise floor (i.e., responses where no
light was presented to the individual) at each frequency tested.
Visual evoked potentials are characterized by a trough (i.e., the a-wave),
followed by a peak (i.e., the b-wave). We examined the amplitude of the b-wave as an
indication of neuronal response from the retina by measuring the trough of the first awave to the peak of the first b-wave (as in “Method 2” from Lisney et al. 2012; Rubin
and Kraft 2007). Data files were first run through a custom Matlab code (created by Tim
Sesterhenn personal communication) which smoothed the average curve and allowed the
user to define the peak and trough of the evoked potential. We then examined the
function of b-wave amplitude and stimulus frequency, and found that the relationships
were generally linear and therefore we regressed a linear function to fit the data. We
determined the average background amplitude for each individual and used this value as
a threshold (criterion average noise amplitude plus one standard deviation; Lisney et al.
2012), below which the individual responses could not be differentiated from the noise
floor. The intersection between the linear regression line and the criterion indicates the
point at which the individual no longer perceives the pulsing light as flashing. This value,
plus one, was defined as the FFF (Lisney et al. 2012).

4.2.4 Cone densities and eye axial lengths
We used two proxies of visual spatial resolution (Williamsand Colletta 1987;
Pettigrew et al.1988): eye size (i.e., eye axial length) and the density of cones (i.e., single
and double cones). Immediately following ERG procedures, the bird was euthanized to
measure eye axial length and cone density. We followed the retinal extraction procedures
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outlined in Ullmann et al. (2012) and procedures to estimate cone density as described in
Ensminger and Fernández-Jurcic (2014). We briefly summarize them here. We measured
the left eye axial length (in mm) with digital calipers (0.01 mm accuracy). We then
hemisected the left eye posterior to the lens at the ora serrata. The vitreous humour was
removed and then the eyecup was saturated with phosphate buffer solution (PBS). The
retina was removed from the eyecup by detaching the choroid from the sclera and
severing the optic nerve. We removed any remaining pigmented epithelium with two sets
of tweezers, pulling the epithelium in opposite directions without touching the retinal
tissue. We then placed the retina in 4% paraformaldehyde for 30 mins to preserve the
retinal matrix and strengthen the tissue (Ensminger and Fernández-Juricic 2014, Hart
2001a). Subsequently, we flattened the retina vitread side up on a slide by making small
radial incisions and gently unrolling the retinal edges. We added two drops of PBS,
placed a coverslip on the retina tissue, and then flipped the coverslip (and tissue) over.
The coverslip was adhered to the slide with superglue so that the retina was sclerad sideup and another coverslip was added and attached with superglue.
We used an Olympus BX51 microscope and the SRS (Systematic Random
Sampling) Image Series Acquire workflow of Stereo Investigator v.10 (MBF Bioscience)
to view the retinas. We first traced the perimeter of the retina and then fit the retina with a
systematic random grid (250 squares); the average grid size per retina was 0.45 ± 0.006
mm2. We set the following stereological parameters: area sampling fraction (asf; the ratio
of the counting frame area to the grid area) = 0.005 ± 6.9 x 10-5 per retina, number of
sections = 1, stereological sampling fraction = 1 per retina, thickness = 1, and thickness
of sampling fraction = 1 per retina (West 2013; Bonthius et al. 2004). Brightfield and
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epiflourescent pictures at each site were taken using a 40 x objective lens with a
numerical aperture of 0.1. The counting frame (50 μm x 50 μm; 0.0025 mm2) was always
located in the upper left corner of all the sites.
We concentrated our cone counts on the central region of the retina, which
contains the cowbird single fovea (Dolan and Fernández-Juricic 2010; Fernández-Juricic
et al. 2013), a retinal specialization considered the center of high visual resolution
because of the high density of cones and retinal ganglion cells (Collin 1999). The avian
fovea has been suggested to be (1) the center of chromatic and achromatic vision
(Fernández-Juricic et al. 2013; Baumhardt et al. 2014), and (2) the center of visual
attention (Tyrrell et al. 2014, 2015). We determined the fovea location for each retina
using the tip of the pecten and its angle as landmarks (Ensminger and Fernández-Juricic
2014). In cowbirds, the fovea is on average 1,840 ± 5.3 μm from the pecten tip, at a 103 ±
0.43˚ angle. We included sites that lay within a 2,500 μm radius from the fovea (i.e.,
approximately 12% of the retinal area).
Cone densities were estimated by counting the cone oil droplets, which are
organelles located in the distal end of all cone inner segments that contain different types
and concentrations of carotenoids (Hart 2001b; Bowmaker 1997). In birds, each oil
droplet is associated with a specific type of cone: the ultra-violet sensitive (UVS) cone
with the T-type oil droplet (i.e., transparent oil droplet), short-wavelength sensitive
(SWS) cone with the C-type oil droplet (i.e., colorless oil droplet), medium-wavelength
(MWS) sensitive cone with the Y-type oil droplet (i.e., yellow oil droplet), longwavelength sensitive (LWS) cone with the R-type oil droplet (i.e., red oil droplet), and
the principal member of the double cone with the P-type oil droplet. We identified oil
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droplets based on color, size, and plane of the retina following the parameters established
in Hart (2001a) as we have done in previous studies (Moore et al. 2012; Ensminger and
Fernández-Juricic 2014; Baumhardt et al. 2014). A total of 7 different observers were
trained on 83 different training sites and before counting began all observers had
counting repeatabilities of > 0.9 compared to K.L.R.
Sites were eliminated from subsequent analysis if cones were not arranged in a
matrix-like pattern and not all types were represented (e.g., Kram et al. 2010), and
pigmented epithelium obstructed the counting frame. If any part of the site did not meet
these requirements, we divided the site into four quadrants and only counted the
quadrants that met those criteria. We used ImageJ (http://rsbweb.nih.gov/ij/) to count oil
droplets within each site; these values were then used to calculate the density of cones at
each sampled site (number of cells counted/per mm2). We counted a total of 877 sites,
with an average of 29.6 ± 1.6 sites per individual. Each individual had an average of
5,264 ± 383 cells (ΣQ-), with each site containing an average of 170.3 ± 6.7 cells and
observed coefficient of variation of group mean (CV) = 0.41 ± 0.02. We calculated two
parameters of stereological reliability of our estimates: first, the Sheaffer-Mendenhall-Ott
coefficient of error (CE) was 0.08 ± 0.006; values < 0.1 are considered highly reliable
(Glaser and Wilson 1998). Second, we calculated the Sheaffer-Mendengall-Ott CE2/CV2
(i.e., an estimate of the amount of variation in cell counts due to sampling errors caused
by stereological procedures) to be 0.04 ± 0.002. Here, values of < 0.5 are considered
highly reliable (Glaser and Wilson 1998). For our final analyses, we estimated the
average number of cones per individual (we averaged across sites).
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4.2.5 Hormonal analyses
Estradiol concentrations were measured in baseline and post-implantation plasma
samples in collaboration with R. Stewart at Indiana University’s Center for the Integrated
Study of Animal Behavior (CISAB). First, we followed a steroid extraction procedure
(Clotfelter et al. 2004; Rosvall et al. 2013) to purify the samples: 20 µL of plasma was
combined with 100 µL water and stored overnight at 4°C. Samples were then extracted
twice in diethyl ether, evaporated under nitrogen gas, and reconstituted in 35 µL of 100%
ethanol. Sample extracts were then vortexed and diluted in 315µl of Assay Buffer 3
(Enzo). Extracts were run in duplicate per the procedures provided in the commerciallyobtained ELISA kits for 17-β estradiol (Enzo Life Sciences #900-008). These kits have
been previously validated for other passerine species (Caras et al. 2010; Gall et al. 2013).
Final readings were read at 405 nm on a BioTek EPOCH plate reader and concentrations
were calculated with data reduction software (Gen5 by BioTek) and corrected for plasma
starting volume. Serial dilution of the pooled plasma yielded a displacement curve that
showed strong parallelism to the standard curve (r2 = 0.96). Intra-assay variability was an
average of 2.6% for the high control, and 14.05% for the low control. Inter-assay
variability was 16.7% for the high control and 12.5% for the low control (n = 2 assays).

4.2.6 Statistical analyses
We used general linear models (Proc GLM in SAS 9.3) to investigate the
following associations between visual and auditory traits: (1) visual spatial resolution
(i.e., cone density and eye axial length) vs. auditory sensitivity (i.e., minimum auditory
threshold and the intensity discrimination slope), (2) visual spatial resolution (i.e., cone
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density and eye axial length) vs. auditory tone processing (suprathreshold amplitude and
auditory filter width), and (3) visual temporal resolution (i.e., flicker fusion frequency)
vs. auditory temporal resolution (i.e., recovery function slope and auditory filter width).
We treated the visual trait as the dependent variable and the auditory trait as the
independent variable. In each model, we included our auditory variable of interest, the
squared-term of this variable to evaluate any deviations of linearity, and body mass as
independent factors. Body mass was included because previous studies have linked this
variable with both visual and auditory sensory capabilities (Ryan 1980; Healy et al.
2013). We did not include estrogen concentration in our models because (1) we was
unable to run estrogen analysis from all our individuals due to insufficient plasma
samples and thus including estrogen levels would reduce our sample size by 7
individuals, and (2) it was never significantly correlated with any measured sensory
parameter (range of correlation values: -0.26 to 0.29, with P values range from
0.08 to 0.99).
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4.3 Results
Overall, we found evidence of significant associations between visual and
auditory sensory filtering capacities in female cowbirds in each of the three pairs of
associations we investigated (Table 4.1)—(1) visual spatial resolution (cone density) and
auditory sensitivity (intensity discrimination slope at 3000 Hz), (2) visual spatial
resolution (cone density and eye axial length) and auditory tone processing
(suprathreshold amplitude at 1000, 2000, and 3000 Hz), and (3) visual temporal
resolution (flicker fusion frequency) and auditory temporal resolution (auditory
filter width).
We found a significant relationship between the density of cones (i.e., visual
spatial resolution) and the intensity discrimination function slope at 3000 Hz (i.e.,
auditory sensitivity at 3000 Hz; Table 4.1). Surprisingly, this relationship was non-linear
and followed a negative quadratic function: females with the highest visual spatial
resolution had intermediate auditory sensitivity, but females with both relatively high and
low auditory sensitivity had relatively low visual spatial resolution (Figure 4.1).
We found a significant relationship between the density of cones (i.e., visual
spatial resolution) and the suprathreshold amplitude of the ABR (i.e., auditory tone
processing) across both 1,000, and 2,000 Hz (Table 4.1). This relationship was also nonlinear and followed a negative quadratic function: females with the highest visual spatial
resolution had intermediate auditory tone processing, but females with relatively low and
high auditory tone processing had relatively low visual resolution (Figure 4.2 A and B).
However, using a different proxy of visual spatial resolution, we found a significant
positive linear relationship between eye axial length (i.e., visual spatial resolution) and
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the ABR amplitude measured in response to 3,000 Hz tones (i.e., auditory tone
processing; Table 4.1, Figure 4.2C). Therefore, females with better spatial visual
resolution also had better auditory tone processing.
Finally, we found a significant association between flicker fusion frequency (i.e.,
temporal visual resolution) and auditory filter width (i.e., temporal auditory resolution;
Table 4.1). This relationship followed a positive linear trend (Figure 4.3). Thus,
females with higher visual temporal resolution also had higher auditory temporal
resolution (Figure 4.3).
All of the other associations between visual and auditory traits investigated—eye
axial length vs. suprathreshold amplitude, cone density vs. suprathreshold amplitude (i.e.,
3000 Hz), eye axial length vs. auditory filter width, cone density vs auditory filter width,
flicker fusion frequency vs. recover function slope, cone density vs. intensity
discrimination slope, eye axial length vs. intensity discrimination slope, cone density vs.
intensity discrimination slope, cone density vs. minimum auditory threshold, eye axial
length vs. minimum auditory threshold—were not significant (Table 4.1). This suggests
that these visual filtering properties are not necessarily associated with the auditory
filtering properties in the females studied.
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4.4 Discussion
Female cowbirds varied in their visual and auditory sensory biology. Our findings
provided the first evidence, to our knowledge, of an association between visual and
auditory filtering capacities that may influence the way in which females process
multimodal signals of males. We found support for females being sensory generalists
considering some sensory traits, but we also found unexpected and complex (i.e., nonlinear) associations between other sensory traits. Finally, a number of sensory traits tested
yielded non-significant associations, suggesting that the visual and auditory sensory
makeups along those sensory dimensions varied independently across different females.
We found evidence to suggest that female cowbirds are sensory generalists in
some sensory dimensions. Females with better temporal resolution of a visual signal,
such as moving wings during the wingspread, also had a better sensory capacity to filter
temporally modulated auditory stimuli, such as complex trills. Moreover, females with
better ability to resolve visual stimuli also had better auditory tone processing at
relatively high frequencies (e.g. 3,000 Hz). In the cowbird specifically, the timing of the
wingspread and song are mechanistically linked and these two signaling components are
thought to have evolved together (Cooper and Goller 2004). This may help explain the
association we found in two sensory modalities of females. Female cowbirds may benefit,
for instance, by being able to quickly discriminate among multiple singing males based
on the performance of the visual display. This could be particularly useful as cowbirds
flock together and females are often being courted simultaneously by more than one male
(West et al. 1981; Rothstein et al. 1988). Interestingly, the ability to resolve temporal
stimuli across modalities has also been found to be positively correlated in humans;
participants who were relatively better at detecting temporal gaps in auditory stimuli were
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also more likely to detect temporal gaps in visual and tactile stimuli (i.e., absence of
visual or tactile stimuli; Humes et al. 2009). Females also may benefit from the ability to
resolve differences between males based on minute changes in their feather positions at
the same time they are resolving song frequencies around 3000 Hz. The cowbird song
contains frequencies around 3000 Hz during the first phrase of the song; this phrase has
been shown to be particularly relevant to females during mate-choice (West and King
1979) and is also within the frequency range of high sensitivity for the cowbird
(Gall et al. 2011). Our data on female sensitivity here also shows that females are the
most sensitive (i.e., had the lowest auditory thresholds) at 3000 Hz, suggesting that our
female cowbirds are a representative sample of the larger population.
We found non-linear associations between several measures of auditory and
visual resolution. One possible explanation for these inverted U-shape relationships is
that individuals vary from one another in an additional factor (i.e., age and body
condition) that underlies the basis of this relationship. In humans, for example, hearing
declines linearly with age (Gates and Mills 2005), while vision in healthy individuals
tends to decline only after age 60 with a gradual thickening of the lens (Glasser and
Campbell 1998). This could result in a non-linear trend between visual resolution and
auditory tone processing driven by age. It is possible that a factor, such as age or
condition may be driving the non-linear relationships we saw in the cowbirds. Age has
been previously linked to the loss of photoreceptors and visual decline in quail (Lee et al.
1997) and pigeons (Porciatti et al. 1991), while decreased neuronal responsiveness to
auditory stimuli has been noted in chickens (Smittkamp and Durham 2004). An
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alternative explanation for these inverted U-shape relationships is that some
individuals may be sensory specialists relative to other individuals that tend to be more
sensory generalists.
In general, however, most evidence we have suggests few relationships between
sensory capacity in multiple modalities. A previous study on multimodal sensory
processing in humans also found a general lack of relationships between the sensory
modes (see Humes et al. 2009). The two scenarios that may generate this nullrelationship (i.e., no individual variation in sensory filtering capacity or random
individual variation in sensory capacity) should also result in different selective pressures
on male signals. Under the first scenario, males may adopt a single signaling strategy as
all females are essentially the same; under the second scenario males may vary in their
signaling strategies in a random manner. A recent review (Ronald et al. 2012) highlights
that individual variation in sensory biology may be more common than expected, even if
there is no correlation between sensory filtering capacity across multiple modalities.
Our results suggest that females vary quite substantially from one another in terms
of sensory capacity and this may have consequences on the evolution of male multimodal
signals (Ronald et al. 2012). For example, if females are sensory generalists we may
expect males that can signal their quality equally across modalities to be preferred. If
current condition is reflected in the production of honest multimodal signals and receiver
multimodal sensory filtering capacity, this may lead to a form of assortative mating
where females that can resolve certain multimodal signals preferentially mate with males
that can produce those signals. This model of assortative mating differs from the classical
model of assortative mating, which assumes frequency-dependent stabilizing selection.
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Rather, it predicts that the strength of directional selection will vary with the distribution
of sensory capabilities in the female population (Ronald et al. 2012).
On the other hand, if female multimodal sensory capacity is related in a non-linear
way, signalers may be selected based on their ability to signal in a single modality, or
may place greater importance on one modality over the other. From our data, for
example, females that can resolve auditory information at relatively high levels seem to
be relatively poor at resolving visual information, leading potentially to a proportion of
females in the population using a single modality to make their mating decisions. Males
may then invest more effort in signaling via a single modality if it is costly to signal in
two modalities simultaneously (Candolin 2003). Nevertheless, we also have data to
suggest that females that resolve auditory information at intermediate levels tend to have
the ability to resolve visual information relatively well. These females in the population
may adopt a different strategy and then prioritize visual information over auditory
information, but use both to make their mate-choice decisions. This scenario may lead to
the evolution of non-redundant multimodal signals where each signaling component
contains different information about the sender (Candolin 2003; Partan and Marler 1999;
Hebets and Papaj 2005), and where females may place higher priority on one component
than another.
In conclusion, we have found that individual females vary from one another in
their multimodal sensory filtering capabilities. This filtering capacity has the potential to
alter the perception of male multimodal signals. Therefore, future research should focus
on linking the male signaling components that are under the strongest selection (Girard et
al. 2015), female sensory biology, and female preferences for these male signaling
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components (Ronald et al. 2012) to better understand the role of sensory filters in mate
choice. Understanding how females process multimodal information and how this
influences their perception of male signals can help to understand the direction and
magnitude of sexual selection.
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Auditory Temporal Resolution

Auditory Sensitivity
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Auditory Temporal Resolution
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Auditory Sensitivity
Visual Resolution

(Intensity discrimination slope--3000 Hz)2
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Intensity discrimination slope--1000 Hz
Intensity discrimination slope--2000 Hz
Intensity discrimination slope--3000 Hz

Auditory Filter Width
Recovery function slope

(Suprathreshold amplitude 2000 Hz)
Suprathreshold amplitude 3000 Hz
Auditory Filter Width

2

(Suprathreshold amplitude 1000 Hz)2
Suprathreshold amplitude 2000 Hz
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F 1,34 = 4.28, P = 0.05
F1,33 = 0.01, P = 0.95

F1,34 = 1.4, P = 0.30

Eye Axial Length
F1,34 = 1.7, P = 0.20

Cone Density
F1,25 = 1.73, P = 0.20
F1,26= 0.69, P = 0.41
F 1,25 = 4.48, P = 0.04
F 1,25 = 4.35, P = 0.05
F1,26= 0.57, P = 0.46

F1,34 = 1.29, P = 0.26

Eye Axial Length
F1,32 = 0.93, P = 0.34
F1,34 = 1.82, P = 0.19
F1,34 = 0.19, P = 0.66
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F 1,21 = 4.83, P = 0.04
F1,14 = 0.04, P = 0.85
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VISUAL TEMPORAL RESOLUTION

Cone Density
F 1,25 = 4.95, P = 0.04
F 1,25 = 4.98, P = 0.03
F 1,25 = 5.77, P = 0.02
F 1,25 = 5.77, P = 0.02
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F1,26 = 0.33, P = 0.60

VISUAL RESOLUTION
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Table 4.1 Results of our general linear models investigating the relationship between auditory and visual parameters. Bolded
values indicate statistical significance of P < 0.05.
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Figure 4.1 Significant non-linear relationship between auditory sensitivity as measured
by the slope of intensity discrimination function and visual resolution as measured by
cone density.

Figure 4.2 Relationship between auditory resolution (amplitude of the ABR at suprathreshold levels) and visual resolution,
Cone density (A, B) or axial length (C). We found significant non-linear trends between ABR amplitudes at 1000 and 2000 Hz
and Cone density (A, B), and a positive relationship between ABR amplitude at 3000 Hz and axial length.
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Figure 4.3 We found a positive linear relationship between auditory temporal resolution
as measured by equivalent rectangular bandwidth and visual temporal resolution as
measured by flicker fusion frequency.
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CHAPTER 5. CAN FEMALE MULTIMODAL SENSORY
PHYSIOLOGY AFFECT MATE CHOICE DECISIONS? A NEW
DIMENSION IN FEMALE MATING PREFERENCES

5.1 Introduction
Most animals use signals that combine information across multiple sensory
modalities (i.e., multimodal signals; Higham and Hebets 2013). Despite the work on
production and function of multimodal mating signals (Candolin 2003; Partan and Marler
1999; Partan and Marler 2005; Hebets and Papaj 2005; Partan 2013), our understanding
of how receivers both process and respond to multimodal signals still lags far behind.
Actually, different individual receivers have been assumed to detect signals accurately
and equivalently (Johnstone 1994). However, there is increasing empirical evidence that
receivers perceive signals very differently from one another (reviewed in Ronald et al.
2012). These sensory differences may result in females ranking males differently from
one another (Ronald et al. 2012). A female’s ranking of mates based on specific
properties of a male or male’s mating signal is called a preference function (Wagner
1998). The shape of the preference function can indicate the specific characteristics of a
signal that are under the strongest selection. For example, a preference function following
a normal distribution indicates stabilizing selection, such that the average male signal in
the population will be favored. On the other hand, a preference function following
directional selection suggests that an extreme male signal will be favored (Girard et al.
2015; Wilkins et al. 2015). By examining whether multimodal sensory filtering capacity
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affects female preferences, we can begin to understand the mechanisms behind female
variation in mate-choice (Jennions and Petrie 1997; Ronald et al. 2012; Ah-King
and Gowaty 2016).
Our goal was to examine, for the first time, whether females with different
multimodal sensory filtering capacities have different preference function shapes. We
tested this in an avian model system (Brown-headed cowbirds, Molothrus ater) that uses
song and visual displays to make mate-choice decisions (O’Loghlen and Rothstein
2010a). Thus, we considered auditory and visual sensory filtering capacities. Auditory
filtering capacity was characterized with two traits: (1) auditory sensitivity (i.e., the
ability to resolve low intensity sounds; Konishi 1970; Dooling et al. 1978), and (2) the
width of the auditory filter, which gives an index of a fundamental tradeoff between
auditory frequency resolution (i.e., the ability to discriminate frequencies as different
from one another) and auditory temporal resolution (i.e., the ability to resolve rapid
temporal changes in a sound like those occurring in a trill; Moore 1993; Viemeister and
Plack 1993). Narrow auditory filters have longer integration times and enhance frequency
resolution. Wide auditory filters have shorter integration times and provide higher
auditory temporal resolution (Moore 1993; Viemeister and Plack 1993).
Visual filtering capacity was characterized with two traits: (1) visual temporal
resolution—the ability to detect changes in visual signals over time, such as moving
stimuli (Healy et al. 2013; Hagura et al. 2012), and (2) visual resolution—the ability to
resolve two points as different in visual space (Williams and Coletta 1987; Pettigrew et
al. 1988). Females with higher visual temporal resolution may have an increased ability
to distinguish the different and rapid components of visual displays (i.e., wingspread
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elements versus the bow). Enhanced visual resolution should allow for better
discrimination of male visual signals such as fine differences in the degree of feather
puffing (e.g., Ensminger and Fernández-Juricic 2014). Both visual sensory filtering
capacities may influence her ranking of males with visual signals by affecting the ability
of females to resolve subtle differences in male signals.
The male cowbird courtship display is often multimodal: males pair their perched
song with a dynamic wingspread display (West et al. 1981). This signal is predicted to be
under strong sexual selection by choosy females (Yokel and Rothstein 1991; Woolfenden
et al. 2002). Males can also adjust various components of this multimodal signal. For
example, males can display with varying visual intensity (e.g., depth of the bow, width of
the wingspread; O’Loghlen and Rothstein 2010b), and can adjust the fine structure of the
relatively low frequency, introductory notes called “glugs” as well as the higher
frequency, frequency modulated secondary phrase called “P2” (West et al. 1979; Ronald
et al. 2015). Female cowbirds prefer the multimodal display more than the song or the
visual display presented alone (O’Loghlen and Rothstein 2010a; O’Loghlen
and Rothstein 2012).
We presented female cowbirds with a range of different songs that varied in
spectral and temporal acoustic properties (i.e., frequency, entropy, and duration of
different song elements) and with visual displays that varied in intensity (i.e., degree of
wingspread, amount of body puffing, depth of the bow). We expected that female
multimodal sensory filtering capacity (i.e., auditory sensitivity, auditory filter width,
visual resolution, and visual temporal resolution) should alter the female’s perception of
each potential mate’s multimodal signals and subsequently alter their preference for male
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displays. This expectation would be supported if we found a significant statistical
interaction between our measures of female sensory filtering capacity and properties of
the male song (e.g., frequency) or visual display (e.g., depth of the bow). Specifically, we
predicted that females with relatively high spatial visual resolution and high visual
temporal resolution (i.e., higher density of cones and higher flicker fusion frequencies,
respectively) will have a steeper preference function slope relative to the intensity of
visual displays (i.e., more puffing, larger wingspreads, and deeper bows) compared to
those females with relatively lower spatial visual resolution and visual temporal
resolution. Second, we predicted that females with relatively high auditory sensitivity
(i.e., lower auditory thresholds) will have a steeper preference function slope relative to
the frequency of the songs compared to those females with relatively low auditory
sensitivity; we expected more sensitive females to prefer songs with higher frequency
glugs (i.e., > 200 Hz) and lower frequency P2s (i.e., < 10,000 Hz) as these frequencies
are within the range where cowbirds are overall more sensitive (Gall et al. 2011). Finally,
we predicted that females with relatively narrow filters will prefer songs with less
temporal variation (i.e., low in entropy and longer in duration) while females with
relatively wide auditory filters will prefer songs with more temporal variation (i.e., higher
in entropy and shorter in duration).
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5.2 Materials and Methods
5.2.1 Animal capture and housing
Female cowbirds (N = 17) were wild-caught in decoy traps by the USDA APHIS
(Sandusky, OH) in May 2013. Females were transported to Purdue University and
individually housed in enclosures (64 cm x 40 cm x 64 cm). Birds were provided ad
libitum access to mixed seed, grit, and water. The lighting schedule followed the natural
lighting conditions of West Lafayette, IN (schedule was adjusted weekly and ranged from
14:10 light:dark in the summer to 10:14 during the winter). All animal care and
experimental procedures were approved by Purdue University’s Animal Care and Use
Committee (PACUC) Protocol # 1111000151.

5.2.2 Experimental stimuli
Details regarding the creation of experimental stimuli and the mating preference
experiment are described in further detail elsewhere (Ronald et al. 2015; see Chapter 3)
but we provide a brief description here. We recorded 12 female-directed visual displays
from 12 different male cowbirds used in a previous experiment (Ronald et al. 2015). We
quantified the intensity of the visual displays using an established qualitative metric for
cowbirds that identified the extent of puffing, wingspread width, bow depth, and the
number of wing pumps as important indicators of visual display intensity (O’Loghlen and
Rothstein 2010b). We used Adobe Premiere Elements to find the specific video frame
that showed the beginning of the display, maximum puffing, maximum wingspread, the
deepest part of the bow, and the end of the display. We then took a screen-shot of these
video frames for each of the 12 males. Pictures were standardized using the known
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measured length of the perch and saved as .JPEG files. we used the “Measuring Tool” in
ImageJ (http://rsbweb.nih.gov/ij/) to record the number of pixels for the width of the
puffing (i.e., across the widest part of the bird’s chest), width of the wingspread (i.e.,
from wing tip to wing tip), depth of the bow (i.e., from the tip of the bill to the middle of
the perch), and height of the tail (i.e., tip of the tail to the middle of the perch). We
averaged across these values to obtain an intensity score for each male. We also
measured the time the first wing pump began and when the song began within the
visual display as the timing of the song and the visual display are intricately linked
(Copper and Goller 2004).
Visual displays were ordered from lowest to highest intensity for the purposes of
pairing each visual display with either a potent or non-potent song (i.e., degree to which
the song elicits a female copulatory solicitation display, or CSD; West et al. 1981). Songs
(N = 12, see Appendix D) were recorded by D.W. and taken from a library of songs
tested using playback experiments to females (King et al. 2003; West 2006). Using
Sound Analysis Pro (Version 2011.104), we measured the mean frequency, mean entropy
(i.e., the width and uniformity of the power spectrum), and duration of the two distinct
cowbird song phrases: (1) the glugs in phrase 1, and (2) the final phrase. We also
measured the duration of time in between the two introductory glugs, which we refer to
as the interglug interval (IGI). As described in Chapter 3, we paired our different visual
displays with our recorded song, such that we had a balanced design covering the natural
range of song/visual display variation, with 3 exemplar videos representing each possible
combination of song potency—high potency song and low intensity visual display, low
potency song and high intensity visual display, high potency song and high intensity
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visual display, and low potency song and low intensity visual display. We then used
Adobe Premiere Pro to edit the videos so they were approximately the same length
(4.15±0.22 sec), only showed the bird, background and perch, and started and ended with
a black screen (Chapter 3).

5.2.3 Behavioral experiment
Mate-preference trials were conducted from 0700 – 1300 hrs between June –
September 2013. Female cowbirds were randomly divided into 7 experimental blocks
that underwent the experiment together; the details that follow are the procedures for a
single block. On Day 1 birds were sedated with a combination of ketamine
(40 – 60 mg/kg) and midazolam (6 – 8 mg/kg) and implanted with an estradiol implant
(10 mm crystalline estrogen, Sigma Chemical Co., St. Louis, MO, into Silastic tubing,
outer diameter 1.96 mm). Estrogen implants used to induce breeding behavior (CSDs) are
common in cowbirds and other avian species (Hunt and Wingfield 2004; O’Loghlen and
Rothstein 2010a; O’Loghlen and Rothstein 2012). On day 13 birds began trials to
habituate them to the testing procedures (O’Loghlen and Rothstein 2010a; Chapter 3).
Birds were randomly selected and then placed in the experimental arena which consisted
of an experimental enclosure next to a high-flicker rate LCD television (Sanyo LCD HDTV, Model # DP26649) and speaker (Saul Mineroff Field Speaker, Model # SME-AFS).
After 25 minutes she was played a short video (4 s) of a related species, the red winged
blackbird (Agelaius phoeniceus), sitting on a perch. She was then returned to her home
enclosure and another female was selected. Habituation trials were conducted from
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1400 – 1700 hrs and run for three consecutive days so that each bird was exposed to three
different videos (Chapter 3).
Mate preference trials were run from Day 16 – Day 28 from 700 – 1300 hrs.
Females completed two trials per day for 12 consecutive days. Similar to the habituation
trials, females were placed in the experimental arena and after 25 minutes one of the 12
experimental videos was played (Chapter 3). Videos were chosen at random from the 12
videos with one replacement until all 12 were played twice. After the video playback the
female was returned to her enclosure for 3 hours before her last trial of the day. The day
after trials ended (i.e., Day 29) females had a blood sample taken via puncture of the left
alar wing vein for later hormonal analysis (see below). Blood was collected within 2
minutes of capture with a heparinized collection tube (RAM Scientific Safe-T-Fill) and
centrifuged for 5 minutes at 300 rpm. The plasma was then separated from the red blood
cells and stored in a -80°C freezer until subsequent analysis.
We measured two behaviors to quantify female mate preferences: (1) CSD
duration, where longer duration indicates greater preference for a male (O’Loghlen and
Rothstein 2010a; O’Loghlen and Rothstein 2012), and (2) the latency for each female to
begin a CSD, where shorter latency is a measure of greater preference for a male (Wells
and Schwartz 1984; Simmons 1989; Wignall et al. 2014). Our measures of CSD latency
and CSD duration were significantly and negatively correlated (r2 = -0.45, P < 0.001),
indicating that displays that elicited long duration CSDs tended to also elicit those CSDs
sooner. Two video cameras (HD Everio GZ-E10 and Samsung SMX-F40BN) recorded
the behavioral trials so we could quantify these after the trial using Adobe Premiere Pro
software (Chapter 3). Females that did not give a CSD to a display were coded as having
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a CSD duration of 0 and no data were entered for CSD latency. All estimates of duration
and latency were coded by an unbiased observer who was blind to the experimental
treatment of the videos (Chapter 3).

5.2.4 Auditory evoked potentials
Within two days of the end of the behavioral experiment, auditory thresholds and
auditory filter widths were measured with the use of auditory evoked potentials (AEPs).
Specifically, we measured the amplitude of the auditory brainstem response (ABR),
which is generated in response to the onset of an auditory stimulus (Hall 2007). The
specifics of these procedures are described in detail in Chapter 3, but we provide a
summary here. Birds were first sedated as above with a combination of ketamine (40 – 60
mg/kg) and midazolam (6 – 8 mg/kg). The subject was then laid with her right ear facing
up in the center of an anechoic sound chamber (1.2 x 1.2 x 1.4 m) lined with 7.7 cm
Sonex acoustic foam (Acoustic Solutions, Richmond, VA USA). Acoustic stimuli were
presented from a magnetically shielded speaker (RCA Model 40-5000, RadioShack, Fort
Worth, TX, USA; 140–20,000Hz frequency response) 30 cm above the bird’s head. A
heating pad and temperature probe were placed beside the bird so that her external
temperature could be maintained at 39 ± 2 degrees. ABRs were recorded through three
needle electrodes just below the skin: (1) a positive electrode was placed at the vertex of
the skull, (2) a negative electrode was placed in the mastoid just below the right ear, and
(3) a ground electrode was placed at the nape of the neck (Chapter 4). The electrodes
were connected to Tucker Davis Technologies (TDT; Alachua, FL, USA) headstage
(HS4) and then passed through a biological amplifier (TDT DB4). Neural responses were
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notch filtered at 60 Hz, bandpass filtered from 0.3 to 10 kHz, and then amplified 200,000
times. Analog signals were digitized (TDT AD2) and conducted to a Dell PC running
TDT BioSig32 in an adjacent room. Stimulus presentation, ABR acquisition, and data
storage were coordinated by a TDT system II modular rack-mount system. Acoustic
stimuli were created in SigGen32 on a computer with an AP2 sound processing card.
Stimuli were converted to analog signals with a TDT DA1, equalized across frequencies
with a 31 band equalizer (Behringer Ultragraph model FBQ6200, Bothell, WA USA),
and then amplified (Crown D75 amplifier) (Chapter 4)

Auditory sensitivity: thresholds
Auditory sensitivity was measured by determining each female’s minimum
auditory threshold (i.e., the lowest intensity level of a sound that still elicits an ABR) for
each frequency tested. Lower auditory thresholds indicate greater auditory sensitivity
(Hall 2007). We presented females with 8 ms tones with a 1 ms cos2 onset/offset ramp
across 5 different frequencies: 500, 1000. 2000, 3000, and 4000 Hz. Each tone was
presented from 72 dB to 8 dB in 8dB steps with a 270º phase at a rate of 31.1 stimuli per
second. Reponses were sampled at 40 kHz for 12 ms beginning 1.2 ms prior to the sound
arriving at the ear (Gall et al. 2011); these responses were averaged across 400
stimulus presentations.
The cross-product technique was used to determine auditory thresholds within
each frequency we tested (Cone-Wesson et al. 1997; Supin et al. 2001). This technique
has been used previously in brown-headed cowbirds (Gall et al. 2011) and several other
avian species (Henry and Lucas 2008; Henry and Lucas 2009; Henry and Lucas 2010).
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We used PRATT (v.5.0.33; Boersma and Weenink 2008) to perform all cross-correlation
analyses. The cross-correlation product and stimulus presentation intensity are expected
to be linearly related (Henry and Lucas 2008; Gall et al. 2011). The intercept of this
function and the physiological background noise provides an estimate of the threshold at
that particular frequency (Gall et al. 2011). From these values, we chose each female’s
minimum threshold value to represent her auditory sensitivity (Chapter 4).

Auditory selectivity and temporal resolution: auditory filter width
We measured auditory filter widths using a notched-noise masking protocol
(Patterson 1976; Patterson et al. 1982) as we have done previously (Gall and Lucas 2010;
Henry et al. 2011; Gall et al. 2013). This allowed us to calculate the equivalent
rectangular bandwidth (ERB), which describes a rectangle the same size and height as an
auditory filter. We used stimuli that were 8-ms tone-bursts with 2-ms cos2 gating in
alternating phases (90º and 270º) at 2 and 3 kHz, as this is the range over which cowbirds
are maximally sensitive (Gall et al. 2011). The stimulus intensity ranged from 72 to 16
dB in 8 dB steps for each frequency and notch width combination (Gall et al. 2011). The
tones were presented in frequency notched white noise (spectrum level = 15.3 ± 2 dB re:
20 µPa2 outside of the spectral notch) created by two waveform generators (TDT WG1)
and filters (TDT PF1, roll-off 156 dB octave -1; Gall et al. 2013). We determined the
thresholds at five normalized notch widths (half of the notch bandwidth divided by the
center frequency) ranging from 0 to 0.4 at each center frequency (Gall and Lucas 2010).
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The notched noise procedure determines filter width based on threshold as a
function of notch width. This masked threshold (Ps) can be written as:
∞

𝑃𝑠 = 𝐾 ∫0 𝑁 (𝑓)𝑊(𝑓)𝑑𝑓,

[Equation 5.1]

where K represents the ratio of signal to noise necessarily to evoke a response, N(f) is the
average power spectrum of the noise, and W(f) is a weighting function. We solved for
W(f) and K using an iterative Gauss-Newton polynomial fitting procedure in SAS (Proc
NLIN; v. 9.3; Henry et al. 2011; Gall et al. 2011; Gall et al. 2013). We modelled W(f) as
a two parameter rounded exponential model [roex(p, r)] (Patterson et al. 1982). Here, p
describes the slope of the auditory filter near center frequency, and r describes the filter’s
dynamic range (Moore 1993). The filter weight can then be described as below, where g
is the normalized width of the silent spectral notch in the masking noise:
𝑊(𝑔) = (1 − 𝑟)(1 + 𝑝𝑔)𝑒 −𝑝𝑔 + 𝑟,

[Equation 5.2]

Combining the two equations, the ABR masked threshold equation can then be
written as:

𝑃𝑠 (𝑛𝑤)′ = 𝐾 ′ + 10 ∙ log 10 ∑𝑁
𝑖=1

𝑃𝑆𝐷𝑛𝑤(𝑖) 𝑥 ∫𝑖 𝑟𝑜𝑒𝑥(𝑝,𝑟)
4 𝑥 10−10

[Equation 5.3]

In this equation, nw is the width of the silent spectral notch and K’ is the efficiency
constant in decibels (10 x log10K). N is the number of 25 Hz bins in the largest notch
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width, PSDnw(i) is the power spectral density of the noise divided into each bin. Each of
these bins is then multiplied by filter weight:
∫𝑖 𝑟𝑜𝑒𝑥(𝑝, 𝑟) = −(1 − 𝑟)𝑝−1 (2 + 𝑝𝑎)𝑒 −𝑝𝑎

[Equation 5.4]

+(1 − 𝑟)𝑝−1 (2 + 𝑝𝑏)𝑒 −𝑝𝑏 + 𝑟(𝑎 − 𝑏),

where a and b are the upper and lower frequency limits of each bin, respectively. We
then used the formula ERB = (4/p) x center frequency to find the auditory filter size.
Finally, averaged the filter size across the center frequencies we examined (i.e., 2000
and 3000 Hz).

5.2.5 Visual temporal resolution: visual evoked potentials
We determined the visual temporal resolution of each female by calculating her
flicker fusion frequency (FFF): the frequency of light at which a pulsing stimulus is no
longer perceived as pulsing but as a continuous, steady beam (Lisney et al. 2012). Higher
FFF values indicate that the individual can resolve the temporal differences between high
frequency visual stimuli. We used a custom built electroretinogram (ERG; Dr. Ellis
Loew, Cornell University, Ithaca, NY) to record visual evoked potentials (i.e., changes in
voltage that occur when the retina and optic nerve respond to a pulsing light).
Females were measured between experiment day 31 to 38 ds (one individual per
day with trials starting at 0700 hr). Females were first sedated with an injection of
ketamine (50 mg/kg) and xylazine (50 mg/kg) and then positioned in custom foam cradle
on top of a heating pad so that the head and beak could be stabilized and the body
temperature could be maintained at 39 ± 2º C. The bird’s left eye was held open with a
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Barraquer eye speculum (Arivet Inc, Utah, USA) and a 1% carboxymethylcellulose
solution (Refresh Tears Lubricant Eye Drops) was applied to keep the eye moist and aid
in electrical conductivity. Three electrodes were positioned on the bird to record visual
evoked potentials: (1) a subdermal, positive electrode was placed at the vertex of the
skull; (2) a gold-wire, negative electrode was placed gently resting on the cornea; and (3)
a subdermal, ground electrode was placed at the nape of the neck. The electrode leads
were connected to a biological amplifier (Grass EEG Amplifier, Natus Medical
Incorporated, CA, USA).
Visual evoked potentials were recorded upon presentation of white light stimuli.
Stimuli were generated with a high-power xenon light stroboscope (Monarch Instruments
6206-010) fitted with a trigger and dial which allowed us to change the pulse frequency
(i.e., the length of time between pulses). Stroboscopes have successfully been used to
record visual evoked potentials previously (Biel et al. 1999; Tanimoto et al. 2014). Five
different frequencies were tested per bird: 80 Hz to 100 Hz in 5 Hz increments. Birds
were positioned within 12 cm of the light source, and the left eye was fully illuminated.
We maintained our stimulus light intensity at 455,014 cd m-2 (measured by Jaz
Spectrometer, Jaz-A-IRRAD application, Ocean Optics, Inc., Dunedin, Florida USA).
We also used a background light (82, 166 cd m-2, Ludl Electronic Products, serial #
41544, Hawthorne NY, USA) to keep the eye light-adapted as we were interested in
scotopic responses as cowbirds are a diurnal species. Background light intensity
measurements were collected via a LX1330B Digital Illuminance meter.
Neural responses were bandpass filtered from 3 to 1,000 Hz, notch filtered at 60
Hz, and amplified x 100. The analog signals were then digitized at a sampling rate of
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48,000 Hz using a data acquisition program (Daqarta; Data AcQuisition And Real-Time
Analysis; www.daqarta.com) running on a Dell Latitude D610 laptop computer. We
collected data over 40 ms and averaged the responses over 300 data collection periods. A
response from each frequency (i.e., 80, 85, 90, 95, 100 Hz) was collected twice and then
averaged. Additionally, we also recorded the background noise amplitude to analyze the
response amplitude over the noise floor (i.e., responses where no light was presented to
the individual) at each frequency tested (Lisney et al. 2012).
Visual evoked potentials are characterized by a trough (i.e., the a-wave) followed
by a peak (i.e., the b-wave; Meyer 1977). First, collected data files were subsequently run
through a custom Matlab code (developed by Tim Sesterhenn personal communication),
which smoothed the average curve and then allowed the user to define the peak and
trough of the evoked potential. B-wave amplitude (i.e., an indication of neuronal response
from the retina) was measured from the trough of the first a-wave to the peak of the first
b-wave (as in ‘Method 2’ from Lisney et al. 2012, Rubin and Kraft 2007). We examined
b-wave amplitude as a function of stimulus frequency and found that the relationships
were generally linear; therefore, we regressed a linear function to fit the data. We
determined the average background amplitude for each individual and used this value as
a threshold (criterion average noise amplitude plus one standard deviation; Lisney et al.
2012) below which the individual responses could not be differentiated from the noise
floor. The intersection between the linear regression line and the criterion indicates the
point at which the individual no longer perceives the pulsing light as flashing.
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5.2.6 Visual spatial resolution: cone density
Immediately following measurement of the flicker fusion frequency, the bird was
euthanized to determine cone density. We completed the retinal extraction procedures as
they are described in Ullmann et al. (2012) and procedures to estimate cone density as
described in Chapter 3. We removed the left eye and then hemisected it at the ora
serrata. We removed the vitreous humour and then saturated the eyecup with phosphate
buffer solution (PBS). The retina was removed from the eyecup by detaching the choroid
from the sclera and severing the optic nerve (Chapter 4). We removed any remaining
pigmented epithelium and then placed the retina in 4% paraformaldehyde for 30 mins
(Hart 2001a; Ensminger and Fernández-Juricic 2014). Afterwards we flattened the retina
vitread-side up on a slide, added two drops of PBS and a coverslip, and then flipped the
coverslip (and tissue) over. The coverslip was fixed to the slide with superglue and a
secondary coverslip was added.
We used an Olympus BX51 microscope and the SRS (Systematic Random
Sampling) Image Series Acquire workflow of Stereo Investigator v.10 (MBF Bioscience)
to view the retinas (Chapter 4). We traced the retina outline and then fit it with a
systematic random grid (250 squares, or sites); the average grid size per retina was 0.45 ±
0.006 mm2. As in Chapter 3, the following stereological parameters were used: area
sampling fraction (asf; the ratio of the counting frame area to the grid area) = 0.005 ± 6.9
x 10-5 per retina, number of sections = 1, stereological sampling fraction = 1 per retina,
thickness = 1, and thickness of sampling fraction = 1 per retina (Bonthius et al. 2004;
West 2013). Bright field and epiflourescent pictures at each site were taken using a 40 x
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objective lens with a numerical aperture of 0.1. The counting frame (50 μm x 50 μm;
0.0025 mm2) was located in the upper left corner of all the sites.
We estimated cone density in the central region of the retina which contains the
fovea, an area of high visual resolution because it contains a high density of cones and
retinal ganglion cells (Dolan and Fernández-Juricic 2010; Fernández-Juricic et al. 2013).
The fovea can be considered the center of visual attention and consequently the most
likely area of the retina females may have used to assess males and make mating
decisions (Tyrrell et al. 2014, 2015). Fovea location was determined for each retina after
taking the photographs, using both the tip of the pecten and its angle as landmarks
(following Ensminger and Fernández-Juricic 2014). On average, we found that the fovea
is 1,840 ± 5.3 μm from the pecten tip, at 103 ± 0.43˚ angle. We estimated cone density
using sites, which covered approximately 12% of the retinal area, that were within a
2,500 μm radius from the fovea.
Following previous studies (Moore et al. 2012; Baumhardt et al. 2014; Ensminger
and Fernández-Juricic 2014), we estimated cone densities by counting the number of
different cone oil droplets: pigmented organelles located in all cone inner segments
(Bowmaker 1997, Hart 2001b). In birds, each unique oil droplet is associated with a
specific type of cone, thus counting oil droplets serves a good proxy for a cone type.
Birds are tetrachromats with four single cones: (1) the ultra-violet sensitive (UVS) cone
with the T-type oil droplet (i.e., transparent oil droplet), (2) short-wavelength sensitive
(SWS) cone with the C-type oil droplet (i.e., colorless oil droplet), (3) mediumwavelength (MWS) sensitive cone with the Y-type oil droplet (i.e., yellow oil droplet),
and (4) long-wavelength sensitive (LWS) cone with the R-type oil droplet (i.e., red oil

191
droplet). Additionally, birds also possess a double cone; the principal member of the
double cone is associated with the P-type (i.e., principle) oil droplet. Oil droplets were
distinguished based on color, size, and plane of the retina following the parameters
established in Hart (2001a). Seven different observers were trained on 83 different
training sites and before counting began once all observers had counting repeatabilities
of > 0.9 compared to K.L.R.
We estimated cone density in sites where (1) each cone type was represented, (2)
cones were arranged in a matrix-like pattern (e.g., Kram et al 2010), and (3) no
pigmented epithelium obstructed the view of the site. If any part of the site did not meet
these requirements, we divided the site into four quadrants and only counted the
quadrants that met those criteria (Chapter 4). We used ImageJ to count oil droplets, and
density was later calculated for these estimates (number of cells counted/per mm2). In
total, each individual had an average of 29.6 ± 1.6 sites counted, with an average of 5264
± 383 total cells (ΣQ-), with each site containing an average of 170.3 ± 6.7 cells and
observed coefficient of variation of group mean (CV) = 0.41 ± 0.02. To ensure the
reliability of our data, we calculated two parameters of stereological reliability: (1) the
Sheaffer-Mendenhall-Ott coefficient of error (CE) was 0.08 ± 0.006; values < 0.1 are
considered highly reliable (Glaser andWilson 1998), and (2) the Sheaffer-Mendengall-Ott
CE2/CV2 (i.e., an estimate of the amount of variation in cell counts due to sampling
errors caused by stereological procedures) was 0.04 ± 0.002. Here, values of < 0.5 are
considered highly reliable (Glaser and Wilson 1998). For our final analyses, we averaged
the density of cones across sites within an individual.
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5.2.7 Statistical analyses
We explored how sensory filtering capacity interacts with song and visual display
to affect female mate-preferences as measured by two behaviors: (1) CSD duration and
(2) the latency to begin a CSD. We first reduced the dimensionality of our continuous
measurements of song and visual display using a factor analysis in SAS (Proc FACTOR
in v 9.3) with varimax rotation: this resulted in three factor scores (Eigenvalues > 1.0)
that represented song, and two that represented visual display (see Results below). We
then modeled mate-preferences (i.e., CSD duration or latency) using repeated measures
mixed models (Proc MIXED in SAS) with bird ID as the subject variable. Independent
factors included our factor scores for song and visual display properties (e.g., song factor
1-3 and visual display factor 1 and 2, see results) and all sensory traits, and four
interactions of interest based on the predictions articulated in the Introduction: (1) visual
display x cone density, (2) visual display x flicker fusion frequency, (3) song x auditory
sensitivity and (4) song x auditory filter width. We specified an autoregressive covariance
structure and the Kenward-Roger method was used to calculate the denominator degrees
of freedom. Besides the main effects above we also included the following as
independent factors: experimental block, trial order (i.e., the order in which bird was
placed in the experiment on a given day), trial day, and estrogen concentration after
implantation. The dependent variables and estrogen concentration were log10 transformed
to normalize residuals. For all models, non-significant interactions were removed based
on descending F-values. Additionally, we also examined the possibility of three-way
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interactions between each of our song and visual display factor scores and sensory traits.
However, none of these three-way interactions were ever statistically significant and were
therefore removed from all the models.
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5.3 Results
The first three factors (eigenvalues > 1) described 77 percent of the variation in
song. Song factor 1 included the positive loading of glug 1 frequency and the frequency,
entropy, and duration of glug 2. Thus, as song 1 increases, glug 1 frequency and glug 2
frequency, entropy, and duration also increases. Song factor 2 was the negative loading of
glug 1 entropy and the positive loading of duration of glug 1 and the IGI; therefore, as
song 2 increases glug 1 and IGI duration increases and glug 1 entropy decreases. For
factor 3, the duration and entropy of P2 loaded positively, while the P2 frequency loaded
negatively. Therefore, as factor 3 increases P2 frequency decreases while duration and
entropy increases. For the visual display, the first two factors explained 82 percent of the
variation. Visual display factor 1 was the extent of body puffing, the length of the wing
extension, as well as the time the first wing pump and the song began within the visual
display. Visual display factor 2 was the height of the tail, the depth of the bill below the
perch, and the overall display duration. Therefore, as visual display factor 1 increases so
does the amount of body feather puffing, wingspread, and the time before the first wingpump and the song begins. As visual display factor 2 increases, the total duration of the
display and the depth of the bow increases.
We found that female sensory filtering capacities affected her preference for male
multimodal displays. Female visual temporal resolution interacted with male visual
display (i.e., visual display factor 1) and female auditory temporal resolution interacted
with male song (i.e., song factor 3) to affect female CSD duration (Table 5.1, Figures D.1
and D.2). Specifically, we found that female’s FFF altered her preference for the intensity
of the visual display (i.e., the amount of body “puffing,” wing extension, and timing of
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the wing pump and song beginning); while her auditory filter width altered her preference
for the P2 portion of the song (frequency, duration, and entropy; Table 5.1). Females with
relatively low visual temporal resolution preferred higher intensity displays with more
body puffing and wing-extension (i.e., visual display factor 1), while females with
relatively higher visual temporal resolution preferred less intense visual displays (Figure
5.1). Additionally, females with relatively poor auditory temporal resolution but better
frequency selectively (i.e., narrow auditory filters) preferred songs with longer durations,
higher entropy, and lower frequency endings. In contrast, females with relatively good
auditory temporal resolution and poor frequency selectivity (i.e., wider auditory filters)
preferred songs that had shorter, less entropic, and higher frequency P2s (Figure 5.2).
We did not find significant interactions between a female’s density of cone
photoreceptors or her auditory sensitivity and the male’s visual display or song,
respectively. Nevertheless, both parameters were significantly and negatively associated
with CSD duration. Thus, females with higher visual spatial resolution (i.e., higher
density of cones) tended to give shorter CSDs. Additionally, females with worse auditory
sensitivity (i.e., minimum threshold increased) tended to give shorter CSDs. We also
found several significant covariates (Table 5.1). More specifically, CSD duration was
negatively associated with trial day and experimental order and with block such that as
the experiment progressed, female CSD duration decreased. Moreover, female estrogen
concentration also significantly affected CSD duration; females with higher estrogen
concentrations tended to give longer CSDs (Table 5.1).
We did not find any significant interactions between a female’s sensory filtering
capacity and male multimodal signal characteristics on the latency to begin a CSD (Table
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5.1). Nevertheless, we did find several main effects including the three factors that
characterized the songs: females tended to start their CSDs sooner if songs had relatively
high frequency, and longer glugs and IGIs with relatively low glug 1 entropy and
relatively high glug 2 entropy (e.g., song factors 1 and 2). Females also tended to begin
their CSDs sooner if P2 frequency was higher, less entropic, and shorter (i.e., song factor
3) and if the visual display was longer and had deeper bows (i.e., visual display factor 2).
Female auditory filter width was also significantly associated with female CSD latency
(Table 5.1): females with relatively narrow auditory filters tended to start their CSDs
sooner than females with relatively wider auditory filters. Finally, CSD latency was
significantly affected by two covariates: experimental block and order tended to be
positively associated with latency such that as the experiment progressed females took
longer to begin a CSD.
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5.4 Discussion
We have provided the first evidence (to the best of our knowledge) that female
multimodal sensory filtering capacity affected her preferences for male multimodal
mating signals. Indeed, females with higher visual temporal resolution preferred (i.e.,
gave longer CSDs) less intense visual displays while females with relatively lower visual
temporal resolution preferred more intense visual displays. In addition, females with
lower auditory temporal resolution (i.e., narrower auditory filters) preferred songs that
ended with lower frequency, higher entropy, and longer notes; whereas females with
higher auditory resolution (i.e., wider auditory filters) preferred songs that ended with
higher frequency, lower entropy, and shorter notes. Therefore, variation in female
sensory filtering capacity can be now considered one of the factors underlying differences
in mating preferences and should alter the way we have considered classic animal
communication ideas, such as honest signaling, assortative mating, and sensory drive
(see Ronald et al. 2012).
Female visual sensory filtering capacity alters her preference function slope, but
not necessarily in the direction we originally predicted. For example, we did not find
evidence to support our prediction that females with higher visual spatial resolution
would prefer more intense displays. Instead, females with lower visual spatial resolution
gave longer CSDs to all male display types. This could result from females with lower
visual spatial resolution not discriminating between male visual displays and tending to
give longer CSDs to all male display types regardless of the visual intensity. Another
possibility is that females with higher visual spatial resolution are more sensitive to the
experimental stimuli being presented on a TV-screen. We mitigated the potential of
females being disturbed by the video playbacks by using a high-frequency flicker rate
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LCD screen. Moreover, most females still produced behaviorally relevant matepreferences behaviors (i.e., CSDs) in this experiment and others (O’Loghlen and
Rothstein 2010a; O’Loghlen and Rothstein 2012) despite the visual stimulus being
presented on a television screen. We also expected females with higher visual temporal
resolution to have relatively stronger preference for more intense visual displays, but our
data suggested the opposite: females with relatively higher visual temporal resolution
tended to give the longest CSDs to visual displays with relatively low amounts of
puffing, shorter wingspreads, and less time between beginning the song and the first
wing-pump. Females in general prefer a motion-based visual display, but females with
lower temporal visual resolution require males to give a greater intensity visual display to
be performed to glean the same signal content. A female with relatively higher temporal
visual resolution may be able to gather this information lower intensity displays. This
finding may shed some light on past findings in cowbirds that show that females prefer
lower intensity, female-directed displays than higher-intensity, male directed displays
(O’Loghlen and Rothstein 2012). Perhaps the females in that study had relatively higher
temporal resolution and therefore preferred lower intensity displays.
Similarly, our predictions regarding the relationship between female auditory
sensory filtering capacity and preference for male song were not fully supported. For
instance, female auditory sensitivity did not alter her preference for male song frequency;
rather females with higher auditory sensitivity consistently gave longer CSDs to songs
regardless of their frequency characteristics. Individuals with higher auditory sensitivity
may be more motivated to mate and therefore give longer CSDs than individuals with
higher thresholds that are less sensitive.
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In terms of auditory filter width, our predictions were partially upheld. We
originally predicted that females with wider auditory filters should prefer songs with
more temporal variation, including shorter duration song components (glugs, IGI, P2) and
higher entropy. Indeed, females with wider filters did prefer songs with shorter P2s, but
opposite of our predictions we found that females with wider auditory filters actually
preferred songs with lower entropy values. Our entropy values do not necessarily indicate
that cowbird songs contained noise, but rather that songs differed in the rate of change of
the frequency spectra they contained; therefore, females with wider auditory filters may
prefer songs with less frequency modulations or harmonics compared to females with
more narrow auditory filters. Additionally, we found that there was a significant negative
correlation between entropy and frequency in this element of the cowbird song; thus,
females with larger auditory filters may also just prefer higher frequency P2 elements.
Interestingly, this result combined with past findings (Chapter 3) is more evidence
to suggest that the ending flourish of the cowbird song may be more important to female
mating decisions than previously thought (see West et al. 1979). This is not to say the
beginning portions of the cowbird song are unimportant, as we did find significant main
effects of the frequency, entropy, and duration of the beginning glugs on both the CSD
duration and latency to begin a CSD. Rather, female sensory filtering capacity did not
seem to change her ranking of male introductory song notes. Perhaps because this ending
flourish is outside of the frequency range of best cowbird sensitivity (Gall et al. 2011),
females are highly variable in their sensory filtering in this frequency range and may lead
to differences in female preferences of males.
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Individual variation in sensory traits can result from differences in a variety of
factors including genetics (Carroll et al. 2012; Smith et al. 2011;), development (Nowicki
et al. 2002; Hart et al. 2006; Dangles et al. 2009) and current condition (Lynch and
Wilczynski 2008; Knott et al. 2010; Yoder and Vicario 2012). Few studies have asked
how current condition affects unimodal sensory biology affects mate-choice decisions
previously (Maruska et al. 2012; Toomey et al. 2012), but none have investigated how
this maps onto a multimodal context even though most animals use multimodal signals to
communication (Higham and Hebets 2013). In the current experiment, we did not
manipulate female’s condition but we did see that individuals varied in their multimodal
sensory filtering and this variation affected female preferences for male mating signals. A
worthwhile next step would be to examine the mechanisms that lead to individual
variation in multimodal sensory filtering capacity and how this maps on to differences in
female mating preferences (Ronald et al. 2012). The source of the variation (i.e., whether
it is from developmental or conditional factors) can generate different outcomes for the
direction and strength of sexual selection on male signaling traits and is therefore an
important question for studies of animal communication (Ronald et al. 2012).
We have evidence to suggest that our female cowbirds are sensory generalists in
terms of auditory temporal resolution and visual temporal resolution (see Chapter 4),
meaning that females that are relatively better at auditory temporal resolution are also
better at visual temporal resolution. If variation in female multimodal sensory biology is
driven by factors that also indicate her condition (i.e., females in better condition are also
those with superior auditory and visual temporal resolution) this could set up a scenario
that resembles assortative mating between condition-matched males and females. For
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example, females that are in high condition may be able to resolve differences between
males based on their multimodal signals and preferentially pair with high condition
males. This model of assortative mating differs from the classical model because it
predicts that the strength of selection will vary with the distribution of sensory traits in
the female population (Ronald et al. 2012).
In conclusion, we have some of the first evidence to suggest that female
multimodal sensory filtering capacity can affect female ranking of and preference for
male multimodal signals. These changes in preference function slope can ultimately
influence the strength and direction of sexual selection on male multimodal signals. Our
results show that the direction of selection can qualitatively switch based on the female’s
sensory traits: females with low visual temporal resolution prefer the low intensity visual
signal while females with high visual temporal resolution prefer high intensity visual
signals; moreover, females with low auditory temporal resolution prefer songs with P2
characteristics (e.g., low frequency, high entropy, long duration) that are the inverse of
females with high auditory temporal resolution. Taken together, our findings demonstrate
that there is not only variation between males and their signals, but that females also vary
in their multimodal sensory biology and this has consequences for the males she prefers.

0.25 ± 0.08

0.26 ± 0.09

F 1,313 = 10.00, P = 0.002

F 1,339 = 8.22, P = 0.004

F 1,72.1 = 13.58, P < 0.001

Minimum auditory threshold

F 1,308 = 11.57, P < 0.001
F 6,72.2 = 3.13, P = 0.006
F 1,92.1 = 27.38, P < 0.001
F 1,277 = 16.41, P < 0.001
F 1,72.2 = 5.59, P = 0.02

ERB*Song factor 3

Experimental block

Trial day

Experimental order

Log estrogen

F1,72.2 = 0.10, P = 0.75

F 1,343 = 7.53, P = 0.006

FFF*Visual display factor 1

ERB

F1,72.4 = 3.03, P = 0.09

0.36 ± 0.15

-0.01 ± 0.003

-0.03 ± 0.005

0.0002 ± 0.0006

-0.02 ± 0.004

-0.003 ± 0.002

F 1,72.2 = 18.19, P < 0.001 -0.00001 ± 0.000003

0.01 ± 0.01

-0.05 ± 0.01

F 1,328 = 21.67, P < 0.001

F1,327 = 1.37, P = 0.24

0.01 ± 0.01

Slope (β)

F1,322 = 0.88, P = 0.35

Log CSD Duration

FFF

Photoreceptor density

Visual display factor 2
Display duration and bow depth

Body "puffing," wing extension,
song and wing pump beginging

Song factor 1
G1 frequency
G2 frequency, entropy, duration
Song factor 2
G1 entropy (-) and duration
IGI duration
Song factor 3
P2 frequency (-), entropy, duration
Visual display factor 1

Effect

F1,81.9 = 0.01, P = 0.99

F 1,224 = 6.74, P = 0.01

F1,92.6 = 3.30, P = 0.07

F 6,78.5 = 4.48, P < 0.001

F 1,74.4 = 6.92, P = 0.01

F1,90 = 0.1, P = 0.75

F1,80.9 = 0.22, P = 0.64

F1,85.7 = 0.05, P = 0.83

F 1,261 = 29.96, P < 0.001

F1,278 = 0.42, P = 0.52

F 1,281 = 5.22, P = 0.02

F 1,276 = 4.16, P = 0.04

F 1,257 = 3.88, P = 0.05

Log CSD Latency

-0.0006 ± 0.05

0.003 ± 0.001

0.003 ± 0.001

0.0005 ± 0.0002

-0.0004 ± 0.001

0.0003 ± 0.0005

0.0000003 ± 0.000001

-0.03 ± 0.005

0.003 ± 0.005

0.01 ± 0.004

-0.01 ± 0.005

-0.009 ± 0.005

Slope (β)

Table 5.1 Statistical models of female mate preferences (CSD Duration and CSD Latency). Bolded values indicate statistical
significance while β indicates the slope of the function between a continuous independent variable and the dependent variables.
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Figure 5.1 Scatterplots that demonstrate the significant interaction between a female’s
visual temporal resolution (i.e., flicker fusion frequency, FFF) and factor 1 from a
principal coordinates analysis of a the male visual display on her CSD duration. As factor
1 increases, so does the intensity (i.e., extent of wingspread, degree of puffing, time
before first wing pump and song begin) of the display. To represent these patterns we
have divided females FFF values into quartiles such that panel (A) represents the
responses from females with the lowest 25% of FFF values, panel (B) represents females
from the second quartile, panel (C) represents females from the third quartile, and panel
(D) represents females with the highest (> 75%) of FFF values.
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Figure 5.2 Scatterplots that demonstrate the significant interaction between a female’s
auditory filter width (i.e., equivalent rectangular bandwidth, ERB) and factor 3 from a
principal coordinates analysis of male song on her CSD duration. As factor 3 increases,
the P2 component of the song decreases in frequency but increases in entropy and
duration. To represent these patterns we have divided females ERB values into quartiles
such that panel (A) represents the responses from females with the lowest 25% of ERB
values, panel (B) represents females from the second quartile, panel (C) represents
females from the third quartile, and panel (D) represents females with the highest
(> 75%) of ERB values.
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APPENDIX A

Calculation of Chromatic Contrast
Visual chromatic contrast models allow us to make a connection between
differences in visual physiology (in terms of oil droplet densities and relative densities of
photoreceptors) and differences in color perception (Gomez 2006; Lind and Kelber
2009). In general, chromatic contrast is a measure of the ability of a receiver to perceive
an object against a visual background based on that receiver’s unique visual capabilities
and ambient light conditions. Higher chromatic contrast values indicate that the signal is
more visually salient for the receiver.
To establish whether individuals vary in their ability to perceive color, we
estimated chromatic contrast using Vorobyev and Osorio’s (1998) color opponency
model. The model takes four factors into account: (1) the sensitivity of the receiver’s
visual system (e.g. peak absorbance of visual pigments, λmax, and oil droplets, λo, and the
relative density of different photoreceptors on the retina), (2) the reflectance of the object
of interest, (3) the reflectance of the visual background and (4) the spectral properties of
ambient light.
Birds are tetrachromats and therefore have color vision processed by four visual
pigments, each of which is in a different single cone type (Hart 2001). These four cone
types are ultraviolet/violet sensitive (UVS/VS), short-wavelength sensitive (SWS),
medium- wavelength sensitive (MWS) and long-wavelength sensitive (LWS).
Additionally, each single cone type is associated with a unique oil droplet type: UVS/VS
cones have a transparent (T) type oil droplet; SWS cones have a colourless (C) type;
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MWS cones have a yellow (Y) type; and LWS cones have a red (R) type (Hart 2001).
The oil droplets have different concentrations of carotenoids ranging from no carotenoids
in the T type droplet to a large concentration of carotenoids in the R type. C and Y types
have an intermediate concentration (Hart 2001).
Of the three physiological factors that are integrated into the chromatic contrast
model (λmax, λo and the relative density of different photoreceptors), the peak
absorbance of oil droplets and the relative density of photoreceptors are thought to be the
most variable (Hart et al. 2006). We used published data on the domestic chicken (a VS
model organism) from Hart et al. (2006) to obtain the average and range of oil droplet
carotenoid densities for C, Y and R types caused by differences in ambient light exposure
during development. T type oil droplets were not included in this analysis because they
do not contain carotenoids and thus do not contribute to the sensitivity of the UVS/VS
pigment. Carotenoid density levels from Hart et al. (2006) were given in terms of λcut, the
value that corresponds to the cutoff wavelength (or maximum absorbance) of the entire
oil droplet spectrum. With data from Kram et al. (2010), we were also able to obtain
means, minima and maxima for relative photoreceptor density in the domestic chicken.
Data on the peak absorbance of visual 2 pigments (λmax) were also taken from the
domestic chicken (Hart 2001); VS: 419 nm, SWS: 455 nm, MWS: 508 nm and LWS: 570
nm. These values are not expected to vary between individuals, so this parameter was
held constant throughout the calculations (Hart et al. 2006).
To input the reflectance of our objects of interest into our model, we created eight
reflectance curves that had peaks over the range of the avian visual spectrum (300–700
nm) to use as objects for this analysis (see Figure A.1). The curves had peaks of 20000
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photon counts (approximately 30% reflectance) centred at 350, 400, 450, 500, 550, 600,
650 and 700 nm. This reflectance level is an approximation of the average reflectance of
bird plumage (Andersson and Prager 2006) and thus serves as an appropriate index for
how our model species would view the plumage of another bird. The visual background
for our chromatic contrast model was the sky of a clear, sunny morning. Ten
measurements (0.5 increments from 300 to 700 nm) were taken 1.2 m above the ground
with a StellarNet EPP2000 portable spectroradiometer (StellarNet-Inc., Tampa, FL,
U.S.A.), micron fibre optic probe and tungsten-krypton light source. We then averaged
the 10 measurements to obtain total background reflectance spectra. We also measured
irradiance (0.5 increments from 300 to 700 nm) on the same day at a height of 1.2 m, and
averaged the 10 measurements (two each from each of the cardinal directions and directly
up at the sky) to obtain an overall irradiance value. Measurements were taken with a
cosine-corrected sensor calibrated with a standardized light source in W/m2 and
converted to μmol/m2/s/nm.
To input the parameters into the chromatic contrast model, we first had to convert
Hart et al.’s (2006) estimate of λcut to a parameter that could be used to create oil droplet
spectra, λo. This value corresponds to the wavelength at which oil droplet transmittance is
1/e x λcut (Hart and Vorobyev 2005):
𝜆0 = 𝜆𝑐𝑢𝑡 + 0.37⁄(0.35 𝑥 𝑏),

[Equation A.1]

where b is constant defined by Endler & Mielke (2005). We ran the chromatic contrast
model three times, manipulating both the oil droplet carotenoid density and the relative
density of photoreceptors. The first time we ran the model we used the average values
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from Table A.1. We then ran the model using the high λo and high relative density values
and then again ran the model using low values. We followed the same general procedure
for each calculation of chromatic contrast.
First, the wavelength-specific capture probabilities, Cr(λ), of each photoreceptor
was calculated following Endler and Mielke (2005):
𝐶𝑟 (𝜆) = 9.52 𝑋 10−14 𝑇𝑒 (𝜆)𝑇𝑜𝑟 (𝜆)(1 − 10−0.225𝐺𝑟 (𝜆) )

[Equation A.2]

Te(λ) is defined as the transmission spectrum of the eye’s ocular media , Tor(λ) is the
transmission spectrum for each oil droplet, and Gr(λ) is a template of the visual pigment
(Govardovskii et al. 2000) created with a specific λmax (Hart 2001) to make the
absorbance curves for each photoreceptor type. Te(λ) was estimated via
Endler and Mielke (2005):
𝑇𝑒 (𝜆) = ln(8.93 𝑋 10−13 𝜆5 − 2.60 𝑋 10−9 𝜆4 +

[Equation A.3]

+3.01 𝑋 10−6 𝜆2 + 0.501𝜆 − 55.6

Additionally, Tor(λ) was found by following Endler and Mielke (2005):
𝑇𝑜𝑟 (𝜆) = exp(− 𝑒𝑥𝑝(−𝑏(𝜆 − 𝜆0 )))

[Equation A.4]

Where λ is the wavelength (300 – 700 nm) over which we calculated our avian VS model
and b is a constant defined by Endler and Mielke (2005).
We used Avicol 6 (Gomez 2006) to run Vorobyev and Osorio’s (1998)
physiological color opponency model to determine the distance between the object and
the background in a tetrahedral receptor colourspace. With this model, an object is
calculated as being chromatically distinct from the background when the distance in
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colourspace is greater than the threshold distance, ΔSt (Vorobyev and Osorio 1998).
Threshold distance is calculated by inputting the irradiance, reflectance measurements of
the object and the background and the visual characteristics of the chicken into a
calculation of the predicted quantum catch for each photoreceptor, (Δfi; Vorobyev and
Osorio 1998). Δfi, for the object (A) and the background (B) for each photoreceptor, i,
was calculated from Gomez (2006):
700

(∫ 𝑅𝐴 (𝜆)𝐼(𝜆)𝑆𝑖 (𝜆))
𝑄
Δ𝑓𝑖 = ln ( 𝑖𝐴⁄𝑄 ) = ln 300
⁄ 700
𝑖𝐵
(∫300 𝑅𝐵 (𝜆)𝐼(𝜆)𝑆𝑖 (𝜆)𝑑𝜆)

[Equation A.5]

where Qi is the quantum catch for each photoreceptor i for the object (A) and the
background (B), RA(λ) is the reflectance of the object, we(λ) is the irradiance, Si(λ) is the
spectral sensitivity of photoreceptor i, and RB(λ) is the reflectance of the background.
ΔSt was calculated following Vorobyev and Osorio (1998) and Gomez (2006) for
tetrachromatic visual systems:
(Δ𝑆 𝑡 )2 = ((𝑒1 𝑒2 )2 (Δ𝑓4 − Δ𝑓3 )2 + (𝑒1 𝑒3 )2 (Δ𝑓4 − Δ𝑓2 )2 + (𝑒1 𝑒4 )2 (Δ𝑓2 − Δ𝑓3 )2
+(𝑒2 𝑒3 )2 (Δ𝑓4 − Δ𝑓1 )2 + (𝑒2 𝑒4 )2 (Δ𝑓3 − Δ𝑓1 )2 + (𝑒3 𝑒4 )2 (Δ𝑓2 − Δ𝑓1 )2 )
/((𝑒1 𝑒2 𝑒3 )2 + (𝑒1 𝑒2 𝑒4 )2 + (𝑒1 𝑒3 𝑒4 )2 + (𝑒2 𝑒3 𝑒4 )2 )

[Equation A.6]

Receptor noise from each photoreceptor was accounted for by taking the standard
deviation of the noise in the receptor independent of light intensity, ei, following Gomez
(2006) and Vorobyev and Osorio (1998):
𝑒𝑖 = 𝜔⁄
(√𝜂𝑖 )

[Equation A.7]
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where ω is the Weber fraction and ηi is defined as the number of cells of type i within the
retinal integration area (i.e., the relative densities of photoreceptors on the retina). The
Weber fraction in our calculations was held at a constant of 0.05 as in Avicol v.6
(Gomez 2006).
The threshold distance ΔSt between the objects and the background are given in
units of just noticeable difference (JND). Siddiqi et al. (2004) defined a JND value of 1 as
the threshold of discrimination, where a JND <1 is when the object and the background
are chromatically indistinguishable from one another. The range from 1 to 4 JNDs
suggests that the visual system can discriminate between the object and the background,
and a JND > 4 is the point at which the object can be easily differentiated from the
background (Siddiqi et al. 2004).

Table A.1 Physiological measurements used in the chromatic contrast model: the
relative densities of the photoreceptors and the oil droplet λo. We ran the model
three times, inputting values that corresponded to low, average and high values,
respectively.

Oil droplet type
C

Y

R

Measure

Low values

Average values

High values

Relative density

1.125

1.53

2

l o (nm)

446

456

467

Relative density

2.375

2.66

2.875

l o (nm)

496

511

525

Relative density

1.75

2.09

2.5

l o (nm)

547

567

582

Figure A.1 Reflectance spectra of objects for input into a chromatic contrast model. Eight
reflectance curves with peaks over the range of the avian visual spectrum (300 – 700 nm)
were used as objects for chromatic contrast modelling. The curves had peaks of 20 000
photon counts (approximately 30% reflectance) centred at 350, 400, 450, 500, 550, 600,
650 and 700 nm.
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APPENDIX B

Table B.1 This table describes the trial scheme and the data collected for the 7 birds used
in the final analyses. Dates shown are the trial dates with a particular receiver sex; the
numbers in parentheses indicate the total number of songs collected for that particular
trial. We then describe the number of song types used in the analyses by indicating which
male song types were included and the number included in parentheses. Note that some
birds (BXRX, KXLX) did not sing their full repertoires to both sexes within a 2 week
period.

Male ID

Capture
Year

Female
Trials

Male
Trials

BXRX

2011

8/3/2012 (25)
8/10/2012 (9)

7/22/12 (1)
8/3/12 (5)

5

GBGM

2012

8/15/2012 (31)
8/17/2012 (95)

8/4/2012 (49; 26)
8/15/2012 (54; 30)

5

GBMG

2012

2011

MLLL

2012

PMWP

2012

8/2/2012 (15)
8/4/2012 (7)
8/8/2012 (9; 10)
7/22/2012 (19)
8/3/2012 (9)
8/5/2012 (6)
8/8/2012 (13)
7/22/12 (5)
8/2/2012 (19)
8/10/2012 (21; 56)
8/3/2012 (3)
8/8/2012 (32; 18)
8/10/2012 (13)
8/10/2012 (52; 40) 8/3/2012 (11; 7; 5)
8/15/2012 (44)
8/8/2012 (4; 6)

1

KXLX

7/21/12 (0)
8/10/12 (19; 18)
8/15/12 (2)
7/22/12 (6)
8/3/2012 (13)
8/10/2012 (7)

HXHX

2011

8/4/2012 (3)
8/17/2012 (40)

8/4/2012 (0)
8/29/2012 (10)

Total Song Female Songs Male Songs
Types
Analyzed
Analyzed
B (5)
C (5)
D (5)
E (4)
A (5)
B (5)
C (5)
D (5)
E (5)
A (5)

B (1)
C (1)
D (1)
E (1)
A (5)
B (5)
C (5)
D (5)
E (5)
A (5)

3

A (5)
B (4)

A (5)
B (5)

2

A (5)
B (5)

A (5)
B (5)

3

A (5)
B (5)
C (5)
A (5)
B (5)

A (5)
B (4)
C (4)
A (5)
B (3)

2

Duration
F17,119 = 13.55
P < 0.001
F17,119 = 15.3
P < 0.001
F17,119 = 151.63
P < 0.001

Entropy
F17,119 = 9.46
P < 0.001
F17,118 = 7.35
P < 0.001
F17,119 = 88.44
P < 0.001

Frequency
Modulation
F17,119 = 14.03
P < 0.001
F17,119 = 9.96
P < 0.001
F17,119 = 16.32
P < 0.001

Peak
Frequency
F17,118 = 26.59
P < 0.001
F17,119 = 19.33
P < 0.001
F17,119 = 576.8
P < 0.001

Mean
Frequency
F17,119 = 19.65
P < 0.001
F17,119 = 23.02
P < 0.001
F17,118 = 649.16
P < 0.001

Fundamental
Frequency

F17,119 = 8.19
P < 0.001

F17,119 = 8.94
P < 0.001

F17,118 = 91.13
P < 0.001

Song
Part

Glug1

Glug2

P2

Table B.2 Dissimilarity between pairs of songs directed to different sexes.

Figure B.1 Interaction between Song Type (Singer) and sex on entropy across the different song components: Glug 1, Glug 2, and P2
for 5 of the 7 birds examined. Entropy is consistently lower in songs sung to females (dark gray circles) than those songs sung to
males (light gray circles). Least Squares Means were derived from a repeated measures analysis of variance analysis (see text). Note
that these LS Means are estimated within songs sung by each male.

Figure B.1 Continued

Figure B.1 Continued

APPENDIX C

Table C.1 We ran a discriminant function analysis (DFA) to assess how well we
categorized songs as high or low potency or visual displays as high or low intensity.
Songs were characterized by the duration, mean frequency, and entropy of the first and
second glug and the P2 of the cowbird song, as well as the duration of the inter-glug
interval. Visual displays were characterized by the width of body puffing, wing
extension, the time the song begins, the time the first wing pump began, the total display
duration, and the tail height and bill depth above and below the perch, respectively. The
results of the DFA show that the majority of the songs and all of the visual display
intensity values were classified into the high- or low- potency categories correctly based
on the 3 continuous factors generated from the Factor Analysis (see Chapter 3). Bolded
lines indicate the 2 songs that were incorrectly classified by the DFA. Values under the
low- and high-potency and intensity columns are the loadings generated by the DFA.
Signal component

Number

Self-classified DFA-classified Low Potency

High Potency

Song

1
2
3
4
5
6
7
8
9
10
11
12

Low
Low
High
High
Low
High
High
Low
Low
High
Low
High

Low
Low
High
High
Low
High
High
High
Low
Low
Low
High

0.6447
0.7096
0.4121
0.2444
0.6971
0.1115
0.0440
0.4196
0.9723
0.8277
0.6845
0.2206

0.3553
0.2904
0.5879
0.7556
0.3029
0.8885
0.9560
0.5804
0.0277
0.1723
0.3155
0.7794

Visual Display

1
2
3
4
5
6
7
8
9
10
11
12

High
High
High
High
High
Low
Low
Low
Low
Low
High
Low

High
High
High
High
High
Low
Low
Low
Low
Low
High
Low

0.0038
0.0199
0.0830
0.1592
0.0012
0.9619
0.9931
0.9989
0.6831
0.9999
0.0043
0.5468

0.9962
0.9801
0.9170
0.8408
0.9988
0.0381
0.0069
0.0011
0.3169
0.0001
0.9957
0.4532

Table C.2 In order to clarify the interpretation of any significant interactions we found
between sensory modalities, we ran separate Repeated Measures ANOVAs for either
high- and low-intensity displays or high and low song potency. Bolded values indicate
statistical significance. For example, within the full model presented in the text
(Table 3.2) we found a significant interaction between visual display factor 2 and visual
display intensity. Here, we show the results for how song factor 2 affects both low
intensity visual displays and high intensity visual display separately (see highlighted
row). By running these analyses, we can see that song factor 2 significantly affects the
CSD duration to low intensity visual displays (as indicated by statistical significance) but
not to high intensity visual displays because the effect is non-significant.
Dependent
Variable

CSD Duration

Effect

Low Intensity
Visual Display

High Intensity
Visual Display

Song factor 1

F 1,321 = 0.15, P = 0.70

F 1,288 = 13.84, P < 0.001

(Song factor 1)2

F 1,311 = 8.28, P = 0.004

F 1,287 = 6.92, P < 0.001

Song factor 2

F 1,316 = 3.82, P = 0.052

F1,289 = 2.19, P = 0.14

Song factor 3

F 1,303 = 4.85, P = 0.03

F 1,287 = 20.21, P < 0.001

(Song factor 3)2

F1,312 = 1.18, P = 0.28

F 1,283 = 15.77, P < 0.001

Experimental block

F 6,77.4 = 2.24, P = 0.05

F 6,59.4 = 3.16, P = 0.009

Trial day

F 1,124 = 12.33, P < 0.001

F 1,102 = 25.66, P < 0.001

Female mass

F 1,101 = 7.85, P = 0.006

F 1,86.1 = 18.93, P < 0.001

Experimental order

F 1,254 = 25.01, P < 0.001

F 1,244 = 8.49, P = 0.004

Log estrogen(block)

F 7,77.2 = 2.9, P = 0.010

F 7,59.1 = 3.47, P = 0.004

Song factor 1

F 1,238 = 12.24, P < 0.001

F1,238 = 2.74, P = 0.10

Song factor 2

F 1,222 = 12.46, P < 0.001

F 1,230 = 3.94, P = 0.05

Song factor 3

F 1,231 = 25.04, P < 0.001

F 1,236 = 10.66, P = 0.001

Experimental block

F6,62.2 = 1.52, P = 0.19

F6,72.3 = 0.82, P = 0.56

Trial day

F1,88.2 = 2.28, P = 0.13

F1,90.1 = 1.49, P = 0.23

Female mass

F1,69.5 = 0.14, P = 0.71

F1,64.7 = 0.0, P = 0.97

Experimental order

F1,198 = 2.61, P = 0.11

F 1,189 = 11.24, P = 0.001

Log estrogen (block)

F7,60.6 = 1.84, P = 0.10

F 7,70.3 = 2.4, P = 0.03

CSD Latency

Table C.2 Continued

Dependent
Variable

Effect

Low Intensity
Visual Display

High Intensity
Visual Display

Visual display factor 1

F1,279 = 0.38, P = 0.54

F1,317 = 0.33, P = 0.57

Visual display factor 2

F1,299 = 2.18, P = 0.14

F 1,305 = 51.94, P < 0.001

(Visual display factor 1)2 F 1,290 = 6.07, P = 0.01

F 1,310 = 17.13, P < 0.001

Experimental block

F 6,65.7 = 2.57, P = 0.03

F 6,73.8 = 3.17, P = 0.008

Trial day

F 1,111 = 18.17, P < 0.001

F 1,113 = 12.2, P < 0.001

Female mass

F 1,98.6 = 22.85, P < 0.001

F 1,96.3 = 5.67, P = 0.02

Experimental order

F 1,272 = 25.55, P < 0.001

F 1,274 = 7.08, P < 0.001

Log estrogen (block)

F 7,65.4 = 3.06, P = 0.008

F 7,73.5 = 3.2, P = 0.005

Visual display factor 1

F 1,215 = 7.47, P = 0.007

F1,255 = 0.95, P = 0.33

Visual display factor 2

F 1,238 = 25.69, P < 0.001

F 1,254 = 8.34, P = 0.004

CSD Duration

(Visual display factor 1)2 F1,230 = 1.6, P = 0.21

F1,242 = 2.94, P = 0.09

Experimental block

F6,67.6 = 1.41, P = 0.22

F6,83.9 = 1.92, P = 0.09

Trial day

F 1,85.9 = 6.05, P = 0.02

F1,97.1 = 0.41, P = 0.53

Female mass

F1,70.1 = 0.42, P = 0.52

F1,83.1 = 1.15, P = 0.29

Experimental order

F1,211 = 2.5, P = 0.12

F 1,225 = 5.09, P = 0.03

Log estrogen (block)

F 7,66.4 = 2.96, P = 0.009

F 7,81.1 = 2.5, P = 0.02

CSD Latency

Figure D.1 Spectrograms of the 12 focal birds songs used in the playback experiment. Songs A-F were previously
categorized as potent (likely to elicit a female CSD) while songs G-L were previously categorized as non-potent.
Each song is comprised of a phrase 1 (P1) two or three introductory notes, called glugs, and followed by a highly
variable ending flourish, called the phrase 2 (P2)
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Log CSD
Duration (sec)

-0.10

-0.27

-0.43
152.00
125.33

-0.60

98.67

1.30
0.16
-0.97

72.00
-2.10

Figure D.2 3D representation of the significant interaction between a female’s visual
temporal resolution (i.e., flicker fusion frequency, FFF) and factor 1 from a principal
coordinates analysis of the male visual display on her CSD duration. As factor 1
increases, so does the intensity (i.e., extent of wingspread, degree of puffing, time before
first wing pump and song begins) of the display.

Log CSD
Duration (sec)

0.28

0.16

0.03
600
483
-0.09

367

1.58
0.58
-0.42

250
-1.42

Figure D.3 3D representation of the significant interaction between a female’s auditory
filter width (i.e., equivalent rectangular bandwidth, ERB) and factor 3 from a principal
coordinates analysis of male song on her CSD duration. As factor 3 increases, the P2
component of the song decreases in frequency but increases in entropy and duration.
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